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1
Study 1
1 Goal
Outcomes of immune checkpoint inhibitors (ICI) rechallenge in non-small cell lung cancer (NSCLC) remain uncertain. This
study estimated the safety and efficacy of ICI rechallenge and compared rechallenge benefit among different reasons of
initial ICI discontinuation in NSCLC.
2 Approach

Related study search and selection (according to PRISMA guidelines)
Data extration and quality assessment.
Outcomes assessment and statistical analysis

3 Materials and methods
Data sources and study selection

Study search and selection was conducted in accordance with the PRISMA guidelines. A comprehensive literature search
was conducted to identify all relevant articles. The studies were searched in the databases of PubMed, EMBASE, and
Cochrane Library. The search terms were the following Medical Subject Headings (Mesh) and their synonyms: ‘carcinoma,
non-small-cell lung’ AND ‘immune checkpoint inhibitor’ AND ‘rechallenge’. The studies were reviewed to evaluate the title,
abstract, and full publication sequentially. Case reports, reviews, comments, animal experiments, meta-analyses,
abstracts, and meetings with incomplete data or non-English content were also excluded.

Data extraction and quality assessment
The following information was extracted: first author, year of publication, country, study design, treatment period, number,
gender and mean age of patients at initial treatment, regimens and therapy line of initial ICI and ICI rechallenge, tumor
proportion status, best response to ICI treatment, number of patients who experienced Grade 3 or 4 irAE after initial
treatment and after rechallenge, median progression-free survival (in months), the cessation reasons of initial ICI, and also
interval time between initial ICI and ICI rechallenge. Study quality assessments were performed based on Newcastle–
Ottawa Scale.

Outcome assessment and statistical analysis
The best response to treatment was accessed as complete response (CR), partial response (PR), stable disease (SD),
progressive disease (PD), or not evaluable (NE) according to the Response Evaluation Criteria in Solid Tumors (RECIST
v1.1). Adverse events were graded according to Common Terminology Criteria for Adverse Events version 4.0 (CTCAE
v4.0). Hazard ratio for PFS was estimated using Inverse Variance in RevMan version 5.4.
4 Results
Fifteen studies including 442 patients between 2018 and 2022 were eligible for meta-analysis. The incidence of Grade 3/4
irAE was lower in rechallenge than initial ICI (8.6% vs 17.8%, P<0.001). Patients rechallenged with ICI had lower ORR and
DCR than initial ICI (13.2% vs 42.4%, P<0.001; 51.1% vs 74.0%, P<0.001). The ORR and DCR to ICI rechallenge were
both higher in patients who experienced disease progression after stopping ICI or irAE than patients with disease
progression during ICI treatment (ORR: 46.2% vs 20% vs 11.4%, P=0.003; DCR: 84.6% vs 90.0% vs 55.0%, P=0.002).
Additionally, 34.7% of 69 patients with individual response to ICI and PFS experienced the same or better response to ICI
rechallenge in comparison with initial ICI, although PFS in initial ICI was longer than that in ICI rechallenge (median: 8.90
vs 3.67 months, HR: 0.44, 95% CI: [0.33, 0.59]).
5 Discussion
ICI rechallenge should be considered on an individual scenario. Rechallenge with ICI is a reasonable therapeutic option for
those who underwent disease progression after stopping ICI treatment or who discontinued treatment due to toxicity.
Additional studies are needed to better understand the molecular characteristics of responding patients.
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Study 2

2
1 Goal Immune-checkpoint inhibitors (ICIs) are now standard of care for advanced non-small cell lung cancer
(NSCLC). Peripheral blood biomarkers would be most convenient method to predict treatment outcome of patients. This
study explored the peripheral blood markers that can predict outcome in patients with advanced NSCLC receiving ICI.
 2 Approach

 Patient peripheral blood at baseline of ICI and after one cycle of ICI collection
 Patient infomation collection and analysis
 Cytokines assay in patient plasma sampels using EMD Millipore’s MILLIPLEX® MAP Human Cytokine / Chemokine

Panel
3 Materials and methods

 41 patients information and plasma collection
The following information was extracted: gender, age, histology, clinical stage, primary site, ECOG PS, smoking status, PD-
L1 expression, line of immunotherapy, type of immunotherapy, actionable mutation, number of metastatic sites, best
response to ICI treatment, irAE occured during ICI treatment, progression-free survival (in months), overall survival(in
months).

 Cytokine assay using EMD Millipore’s MILLIPLEX® MAP Human Cytokine / Chemokine Panel
41 cytokines were measured in patient plasma samples of both before ICI treatment and after one cycle of ICI. Cytokines
including EGF, Eotaxin-1, G-CSF, GM-CSF, IFN 2, IFN , IL-10, IL-12P40, IL-12P70, IL-13, IL-15, IL-17A, IL-1RA, IL-1 , IL-
1 , IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IP-10, MCP-1, MIP-1 , MIP-1 , RANTES, TNF , TNF , VEGF,FGF-2, TGF- , FIT-
3L, Fractalkine, GRO, MCP-3, MDC, PDGF-AA, PDGF-AB/BB, sCD40L, and IL-9.
4 Results
Fifty-five including 49.1% of cachectic patients were prospectively enrolled. Forty-one patients had peripheral blood
samples taken at baseline and during treatment with PD-1/PD-L1 blockade.. The overall survival was compared between
cachectic patients and non-cachectic patients in a total of 55 patients and 41 patients with cytokine assay, respectively.
The overall survival was significantly better in patients without cachexia than in those with cachexia, on comparing both
cohorts (two-year survival rate: 70.5% vs. 40.0%, P=0.007; 71.2% vs. 36.7%, P=0.022). Baseline levels of IL-6, IL-8, IL-10,
IL-15, and IP-10 were significantly higher in cachectic patients. In contrast, eotaxin-1 was lower in cachectic patients.. The
overall survival tended to be better in patients with higher eotaxin-1 (two-year survival rate: 68.6% vs. 30.6%, P=0.28)
Besides, the level of plasma eotaxin-1 after one cycle of PD-1/PD-L1 blockade treatment in patients who obtained CR or
PR was significantly higher than those with SD or PD (P=0.039). Higher IL-6 levels, both at baseline and during treatment
with PD-1/PD-L1 blockade, were observed in patients experiencing irAEs, compared to those in whom irAEs were absent
(P=0.0098, P=0.042, respectively). Furthermore, patients experiencing severe irAEs were likely to have higher IL-6 at
baseline before PD-1/PD-L1 blockade treatment (P=0.033). Higher IL-10 both at baseline and during treatment was
associated with poorer overall survival (two-year survival rate: 32.5% vs. 72.6%, P=0.012; 44.3% vs. 62.3%, P=0.109). We
found that an early increase in eotaxin-1 after immunotherapy is a favorable factor related to the therapeutic response to
PD-1/PD-L1 blockade and overall survival. High IL-6 was associated with the risk of immune-related adverse events, while
high IL-10 was associated with poor overall survival. A blood-based, cachexia-related cytokine network assay may yield
potential biomarkers for predicting the clinical response to PD-1/PD-L1 blockade therapy and provide clues for improving
the outcome of cachectic patients.
5 References
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ABSTRACT

Introduction: Outcomes of immune checkpoint inhibitor
(ICI) rechallenge in NSCLC remain uncertain. This study
estimated the safety and efficacy of ICI rechallenge and
compared rechallenge benefit among different reasons of
initial ICI discontinuation in NSCLC.

Methods: PubMed, EMBASE, and Cochrane Library were
searched for studies on NSCLC retreated with ICI.
Immune-related adverse events (irAEs), overall response
rate (ORR), disease control rate (DCR), and progression-
free survival (PFS) at initial ICI and rechallenge were
analyzed.

Results: A total of 15 studies including 442 patients be-
tween 2018 and 2022 were eligible for meta-analysis. The
incidence of grade 3 or 4 irAE was lower in rechallenge than
initial ICI (8.6% versus 17.8%, p < 0.001). Patients
rechallenged with ICI had lower ORR and DCR than initial
ICI (13.2% versus 42.4%, p < 0.001; 51.1% versus 74.0%, p
< 0.001). The ORR and DCR to ICI rechallenge were both
higher in patients who experienced disease progression
after stopping ICI or irAE than patients with disease pro-
gression during ICI treatment (ORR: 46.2% versus 20%
versus 11.4%, p ¼ 0.003; DCR: 84.6% versus 90.0% versus
55.0%, p ¼ 0.002). In addition, 34.7% of 69 patients with
individual response to ICI and PFS experienced the same or
better response to ICI rechallenge in comparison with initial
ICI, although PFS in initial ICI was longer than that in ICI
rechallenge (median: 8.90 versus 3.67 mo, hazard ratio ¼
0.44, 95% confidence interval: 0.33–0.59).

Conclusions: ICI rechallenge had less severe toxicity than
initial ICI treatment. Patients undergoing disease progres-
sion after ICI cessation or ICI discontinuation owing to irAE
are more likely to benefit from ICI rechallenge in NSCLC.
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Introduction
Immune checkpoint therapy with antibodies target-

ing PD-1/PD-L1 and CTLA4 is a new cornerstone of
cancer treatment and has been found to have a thera-
peutic efficacy across various types of cancer in the past
5 years.1 The number of patients with NSCLC who
received immune checkpoint inhibitors (ICIs) is rapidly
increasing because growing evidence suggests that ICI
induces durable treatment response and prolongs sur-
vival in advanced NSCLC, especially to patients with high
PD-L1 expression.2,3 Recently, immune checkpoint ther-
apy or that plus chemotherapy was further recom-
mended as first-line regimen in metastatic NSCLC
without driver oncogene, regardless of PD-L1 levels.4

Nevertheless, immune checkpoint therapy was
eventually discontinued in many patients with advanced
NSCLC owing to disease progression.5 Even in patients
with favorable therapeutic efficacy, ICI treatment may
not last long owing to severe toxicities.6 In addition, the
discontinuation of ICI in some patients is attributed to
clinical decision after a defined time frame treatment
such as 2 years or 35 cycles of anti–PD-1.7

Along with accumulating experience and evolving
understanding of ICI, rechallenge of ICI is emerging in
patients with NSCLC who discontinued ICI treatment
owing to immune-related adverse events (irAEs) or
disease progression during ICI treatment or after stop-
ping ICI therapy after a defined number of cycles or a
long period.8–10 Nevertheless, the reported small num-
ber of patients undergoing ICI rechallenge provided
limited or heterogeneous evidence for ICI rechallenge.
Thus, the risks and benefits of ICI rechallenge remained
uncertain and inconclusive. The purpose of this meta-
analysis was to synthesize available data on the safety
and efficacy of ICI rechallenge and compare rechallenge
benefit among different reasons of initial ICI discontin-
uation in patients with advanced NSCLC.

Materials and Methods
Data Sources and Study Selection

Study search and selection were conducted in
accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses guidelines.11 A

comprehensive literature search was conducted to
identify all relevant articles. The studies were searched
in the databases of PubMed, EMBASE, and Cochrane Li-
brary until January 20, 2022. The search terms were the
following Medical Subject Headings and their synonyms:
“carcinoma, non-small-cell lung” and “immune check-
point inhibitor” and “rechallenge.”

The studies were reviewed to evaluate the title, ab-
stract, and full publication sequentially. The inclusion
criteria were as follows: (1) clinical characteristics and
prognosis parameters were described in patients with
NSCLC; (2) ICI was used in both the initial treatment and
retreatment (Fig. 1). Duplicate studies were excluded us-
ing the “remove duplicates” function in Endnote Online.
Case reports, reviews, comments, animal experiments,
meta-analyses, abstracts, and meetings with incomplete
data or non-English content were also excluded.

Data Extraction and Quality Assessment
A standardized data template was used to extract

data from studies, and all discrepancies were resolved
by consensus between two reviewers. The following in-
formation was extracted: first author, year of publica-
tion, country, study design, treatment period, number,
sex and mean age of patients at initial treatment, regi-
mens and therapy line of initial ICI and ICI rechallenge,
tumor proportion status, best response to ICI treatment,
number of patients who experienced grade 3 or 4 irAE
after initial treatment and after rechallenge, median
progression-free survival (PFS) (in mo), the cessation
reasons of initial ICI, and interval time between initial ICI
and ICI rechallenge (Table 1).13–27 Study quality as-
sessments were performed according to the Newcastle-
Ottawa Scale, which evaluated the study design based
on eight questions regarding population selection,
comparability, and exposure.12

Outcome Assessment and Statistical Analysis
The best response to treatment was accessed as

complete response, partial response (PR), stable disease,
progressive disease (PD), or not estimated according to
the Response Evaluation Criteria in Solid Tumors version
1.1. The overall response rate (ORR) was defined as the
percentage of complete response and PR obtained as
best response, whereas the disease control rate (DCR)
included the ORR and percentage of achieved stable
disease. Adverse events were graded according to the
Common Terminology Criteria for Adverse Events
version 4.0. PFS of initial ICI was defined as the time
from the start of initial ICI treatment to objective disease
progression. PFS of ICI rechallenge was defined as the
time from the date of rechallenge of ICI to the date of
disease progression or death from any cause. Hazard

2 Xu et al JTO Clinical and Research Reports Vol. 3 No. 4
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ratio for PFS was estimated using Inverse Variance in
RevMan version 5.4.

Fixed effect model was used in our meta-analysis
when p value is greater than 0.1, I2 is less than 50% in
tests for heterogeneity, otherwise random effect model
was adopted. Each study in the fixed/random effect
analysis was weighted based on its sample size. The
pooled OR with 95% confidence interval (CI) was
calculated to evaluate the safety and efficacy of ICI
rechallenge in patients with NSCLC who received ICI
treatment. Publication bias was evaluated using funnel
plots. Differences of categorical data between groups
were analyzed using Pearson’s chi-square test or Fisher’s
exact test. All the statistical analyses were performed
using RevMan version 5.4 (www.training.cochrane.org/),
MedCalc software (https://www.medcalc.org), or SPSS
version 22.0 (IBM Corp., Armonk, NY) software. A p value
less than 0.05 was considered statistically significant.

Results
Eligible Studies and Quality Assessment

Our search retrieved a total of 372 publications from
the databases of PubMed, EMBASE, and Cochrane Library.
After excluding duplicates and screening titles of the
studies, 182 articles were selected based on the relevance

to the study topic. The study selection scheme is illus-
trated in Figure 1. In total, 15 retrospective studies were
included in the meta-analysis after review of abstract and
full article for final qualitative and quantitative analyses.

The Newcastle-Ottawa Quality Assessment Scale was
used to evaluate quality of the included studies. All
studies scored either 7 or 8. The quality assessment
results for the individual studies are found in
Supplementary Table 1. There was no evidence of pub-
lication bias in the funnel plots of irAE, ORR, DCR, or PFS
among the included studies (Supplementary Fig. 1).

Characteristics of Studies Included in Meta-
Analysis

A total of 442 patients who received ICI rechallenge
after initial ICI treatment from the 15 eligible studies
were included in the meta-analysis. The mean age of
patients was 65.8 years, and 69% of the patients were
male. The main clinical characteristics and outcomes,
including grade 3/4 irAE, the best response to ICI, and
PFS, are found in Table 1.13–27 Among them, the
discontinuation of initial ICI occurred in 131 patients
owing to different grades of irAE, 251 patients owing to
disease progression during ICI treatment, and 42 pa-
tients owing to clinical decision such as after a defined

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram. ICI, immune checkpoint
inhibitor.
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Table 1. Study Characteristics

Study Country
Study
Design

Treatment
Period

No.of
Patient

Male,
%

Mean
Age (y)

Initial ICI

Regimen(i)
Therapy
Line

TPS
� 50%
(%)a

PFSi
(M)

Best Response

G3/
4 IrAE

Cessation
ReasonCR PR

Stable
Disease PD NR

Bernard et al.,
201813

France Retrospective 2012.5–2017.10 1 NR NR Anti–PD-(L)1 NR NR 19.9 0 1 0 0 0 0 PD

Fujita et al.,
201814

Japan Retrospective 2015.12–2018.3 12 66.7 70.8 Nivo Secondw 41.7 6.2 0 7 2 3 0 2 PD

Niki et al.,
201815

Japan Retrospective 2015.12–2017.12 11 81.8 66 Nivo NR NR 4.9 0 5 2 4 0 0 PD

Santini et al.,
201816

America Retrospective 2011.4–2016.5 38 52.6 64 Anti–PD(L)1/
anti-CTLA4

Firstw NR NR 18 20 0 6 irAE

Fujita et al.,
201917

Japan Retrospective 2018.1–2018.12 18 61.1 71 Nivo/Pemb Second 50 NR 0 8 4 5 1 0 NR

Watanabe et al.,
201918

Japan Retrospective 2015.12–2017.12 14 57.1 61.5 Atezo/nivo/
pemb

NR 50 3.7 0 3 5 6 0 0 PD

Mouri et al.,
201919

Japan Retrospective 2015.12–2018.8 21 90.5 69.6 Nivo Secondw NR 13.3 1 12 8 0 0 7 irAE

Fujita et al.,
202020

Japan Retrospective 2018.1–2019.8 15 93.3 71.4 Atezo/durva Secondw 0 3 0 0 5 9 1 0 PD

Gobbini et al.,
202021

France Retrospective 2010–2018 144 67.4 63 Anti–PD-(L)1 Firstw 14.6 13 10 61 38 26 9 27 irAE, PD,
clinical
decision

Herbst et al.,
202022

Keynote 10 Retrospective 2013.8–2015.2 14 NR NR Pemb Firstw NR NR 0 13 0 0 1 NR Clinical
decision

Katayama et al.,
202023

Japan Retrospective 2017.4–2018.11 35 68.6 70 Nivo/pemb/
atezo

Third 40 4 0 12 12 10 1 NR PD

Kitagawa et al.,
202024

Japan Retrospective 2018.4–2019.9 17 64.7 69 Anti–PD-(L)1 Firstw 17.6 9.7 0 6 9 2 0 3 PD

Furuya et al.,
202125

Japan Retrospective 2018.4–2019.2 38 NR NR Nivo/pemb Secondw NR NR 0 8 16 11 3 NR irAE, PD

Takahara et al.,
202226

Japan Retrospective 2016.8–2021.7 24 66.7 NR Durva/
pemb/nivo

NR 45.8 NR NR 4 irAE, PD

Xu et al., 202227 People’s
Republic of
China

Retrospective 2018.12–2021.6 40 77.5 NR Anti–PD-1 NR NR 5.7 0 14 19 7 0 NR PD

Study
Interval Time
(Median mo)

ICI Rechallenge

Regimen(r)
Therapy
Line

TPS � 50%
(%)a

PFSr
(M)

Best Response

G3/4
irAECR PR

Stable
Disease PD NR

Bernard et al., 201813 10 Anti–PD-(L)1 NR NR 35.4 0 0 1 0 0 0
Fujita et al., 201814 NR Pemb NR 50 3.1 0 1 4 6 1 0

(continued)
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Table 1. Continued

Study
Interval Time
(Median mo)

ICI Rechallenge

Regimen(r)
Therapy
Line

TPS � 50%
(%)a

PFSr
(M)

Best Response

G3/4
irAECR PR

Stable
Disease PD NR

Niki et al., 201815 4.2 Nivo/pemb NR NR 2.7 0 3 2 6 0 0
Santini et al., 201816 NR Anti–PD-(L)1/anti–CTLA4 NR NR NR NR 8
Fujita et al., 201917 NR Atezo Thirdw NR NR 0 0 7 11 0 2
Watanabe et al., 201918 6.5 Atezo/nivo/pemb NR NR 1.6 0 1 2 11 0 0
Mouri et al., 201919 NR Nivo NR NR 7.4 0 4 14 2 1 2
Fujita et al., 202020 NR Nivo/pemb NR NR 2.4 0 0 4 9 2 2
Gobbini et al., 202021 NR Anti–PD-(L)1 Secondw NR 4.4 5 18 45 54 22 4
Herbst et al., 202022 NR Pemb NR NR NR 0 6 5 2 1 NR
Katayama et al., 202023 5.2 Nivo/pemb/atezo Fourth NR 2.7 0 1 14 18 2 NR
Kitagawa et al., 202024 NR Anti–PD-(L)1 Secondw NR 4 0 1 9 7 0 2
Furuya et al., 202125 NR Atezo NR NR NR 0 1 12 20 5 NR
Takahara et al., 202226 NR Nivo/atezo/pemb NR NR NR 0 2 9 13 0 3
Xu et al., 202227 NR Anti–PD-1 NR NR 6.8 0 9 25 6 0 NR
aPercentage of patients whose TPS is equals to or more than 50%.
Anti–PD-(L)1, immune checkpoint blockade targeting programmed cell death-(ligand)1; Atezo, atezolizumab; CR, complete response; Durva, durvalumab; G3/4 irAE, grade 3/4 immune-related adverse event; ICI,
immune checkpoint inhibitor; Nivo, nivolumab; NR, not reported; PD, progressive disease; Pemb, pembrolizumab; PFSi, progression-free survival of initial ICI; PFSr, progression-free survival of ICI rechallenge; PR,
partial response; Regimen(i), initial ICI regimen; Regimen(r), ICI rechallenge regimen; TPS, tumor proportion score.
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period or cycles of ICI treatment, and no informative
reason of cessation was provided in 18 patients. Eight of
15 studies reported systemic therapy (docetaxel þ
ramucirumab, carboplatin þ nanoparticle albumin-
bound paclitaxel/pemetrexed, gemcitabine, etc.) or
local therapy (radiation therapy or surgery) between
initial ICI and ICI rechallenge.

Pooled Analysis of irAE in Initial ICI Treatment
Versus ICI Rechallenge

Of the 442 patients, information for grade 3/4 (or not)
was reported for 315 patients with both initial ICI treat-
ment and ICI rechallenge. Among them, initial ICI was
discontinued in 131 patients owing to irAE. The incidence
of grade 3/4 irAE was lower when ICI was rechallenged,
compared with initial ICI (8.6% versus 17.8%, p¼ 0.001).
The odds of grade 3/4 irAE occurrence was significantly
lower in ICI rechallenge than initial ICI treatment (0.44,
95% CI: 0.27–0.71, p < 0.001) (Fig. 2).

Among 79 patients with detailed irAE records, 32
patients who discontinued the initial ICI owing to irAE
experienced grade 3/4 toxicity and only 4 of the 32
patients developed grade 3/4 irAE again during ICI
rechallenge.19,21

Pooled Analysis of Therapeutic Responses and
PFS in Initial ICI Treatment Versus ICI
Rechallenge

Among the 442 patients, information on therapeutic
response in both initial ICI treatment and ICI rechallenge
was available in 380 patients of 13 studies. Patients
rechallenged with ICI were found to have a decreased
ORR (13.2% versus 42.4%, p < 0.001) (Fig. 3A and B).
DCR after ICI rechallenge reached 51.1%, although it is
lower than the rate of 74.0% in the initial ICI treatment
(p < 0.001) (Fig. 3C and D).

ORR and DCR of ICI rechallenge were analyzed using
meta-analysis of proportion among 404 patients in 14

studies which provided exact therapeutic response of ICI
rechallenge. The pooled ORR at ICI rechallenge was
12.4%. Nevertheless, the pooled DCR of ICI rechallenge
reached 54.9% (Fig. 4A and B). Especially, the thera-
peutic response of ICI rechallenge was also compared
among 10 studies with 180 patients who both had the
specific discontinuation reasons of initial ICI (disease
progression after stopping ICI therapy, irAE, and PDduring
initial ICI treatment) and their corresponding therapeutic
response. The ORR and DCR of ICI rechallenge were both
higher in patients who experienced disease progression
after stopping ICI treatment or irAE than in patients with
disease progression during ICI treatment (ORR: 46.2%
versus 20% versus 11.4%, p ¼ 0.003; DCR: 84.6% versus
90.0% versus 55.0%, p ¼ 0.002) (Fig. 4C and D).

Furthermore, among 69 patients for whom survival
information was available from 5 of the total 15 studies,
13% of the patients were found to have better thera-
peutic response with longer PFS in ICI rechallenge than
in their initial ICI (median: 4.8 versus 2.5 mo, p < 0.001).
In addition, 21.7% of the patients maintained the same
response (PR, stable disease) in ICI rechallenge as in
their initial ICI. Overall, the pooled PFS in initial ICI was
longer than that in ICI rechallenge (median: 8.9 versus
3.7 mo; hazard ratio ¼ 0.44, 95% CI: 0.33–0.59) (Fig. 5A
and B and Supplementary Fig. 2).

Discussion
This is the first meta-analysis in which available data

on the safety and efficacy of ICI rechallenge were esti-
mated and rechallenge benefit among different reasons
of initial ICI discontinuation was compared in NSCLC.
This study revealed that ICI rechallenge was less effec-
tive but had a lower incidence of irAE than initial ICI.
Patients with disease progression in treatment-free
period after initial ICI and patients who experienced
irAE in ICI had better therapeutic response to ICI
rechallenge, compared with those undergoing PD during
initial ICI treatment. Importantly, this study suggests

Figure 2. Pooled OR of G3/4 irAE in ICI rechallenge versus initial ICI. Lower OR represents lower incidence of irAE. CI,
confidence interval; G3/4, grade 3/4; ICI, immune checkpoint inhibitor; irAE, immune-related adverse event; M-H, Mantel–
Haenszel.
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that patients who experience irAE or disease progression
after stopping ICI treatment may be potential candidates
for successful rechallenge and achieving disease control.

Lung cancer accounts for the highest number of cancer-
related deaths worldwide.28 ICI rechallenge could repre-
sent an attractive option in NSCLC, yet no systemic and
conclusive analysis supporting this strategy is available.
Overall, the current findings indicate that ICI rechallenge in
patients with NSCLC is generally safe. Recurrent or new
irAE after ICI retreatment seems mild and manageable in
comparison with initial immune checkpoint therapy.29,30

On the basis of the durable response in previous ICI
treatment, patients with disease progression in treatment-
free period are supposed to have a more favorable efficacy
at ICI rechallenge. Consistently, the present pooled study
revealed that patients with disease progression in
treatment-free period after ICI treatment had the best
therapeutic efficacy of ICI rechallenge.

Clinical irAE, which was associated with the immuno-
therapeutic efficacy, may represent a clinical biomarker for
ICI response.31 The mechanism of irAE may reflect the
bystander effect from activated T cells, and patients
responding to ICIs may have greater likelihood of auto-
immune toxicities owing to a more competent/treatment-
responsive immune system or cross-reactivity between
the tumor and host tissue.32 Interestingly, our pooled
analysis found that patients with irAE at initial ICI treat-
ment had high therapeutic efficacy at ICI rechallenge

among different reasons of initial ICI discontinuation
(Fig. 4). Nevertheless, the ORR of ICI rechallenge in our
NSCLC study is still lower than that in the pan-cancer
studies.30,33

Although recent studies have begun to evaluate the
clinical outcomes of ICI rechallenge in patients with
cancer who had previously discontinued ICI treatment,
the uncertain risks and benefits of ICI retreatment may
impede the decision to resume ICI as an alternative
therapy option in the clinical settings.34 In the studies
included in the present meta-analysis, the switch from
PD-1/PD-L1 to PD-L1/PD-1 at disease progression that
occurred during ICI treatment revealed limited clinical
efficacy.14,17,20,23,24 Theoretically, a switch from anti–PD-
(L)1 to anti–CTLA-4 therapy or vice versa may be
reasonable. CTLA-4 inhibition works by increasing the
diversity of the antitumor immune response in the
lymph node and perhaps by depleting highly CTLA-4–
expressing regulatory T cells in the tumor microenvi-
ronment, whereas PD-1/PD-L1 blockade mostly works
at the tumor site by locally reactivating the exhausted
tumor-infiltrating lymphocytes.35 Outcomes of ICI
rechallenge have also been reported in patients with
melanoma.36,37 Nivolumab and pembrolizumab in
ipilimumab-refractory patients were found to have an
ORR of 20% to 30%, although response rates were
lower with anti–PD-1 rechallenge after prior anti–PD-1.
Owing to these nonoverlapping mechanisms, treatment

Figure 3. Efficacy analysis of initial ICI versus ICI rechallenge. (A) Overall response rates of initial ICI versus ICI rechallenge in
studies with related information. (B) Pooled OR of overall response (CR/PR) in ICI rechallenge versus initial ICI. Lower OR
represents lower incidence of overall response. (C) Disease control rates of initial ICI versus ICI rechallenge in studies with
related information. (D) Pooled OR of disease control (CR/PR/stable disease) in ICI rechallenge versus initial ICI. Lower OR
represents lower disease control rate. CI, confidence interval; CR, complete response; ICI, immune checkpoint inhibitor; M-
H, Mantel–Haenszel; PR, partial response.
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sequencing from one class to the other or their combi-
nation may be feasible and beneficial for patients.

Although this study is the first meta-analysis pub-
lished to date analyzing the safety and efficacy of ICI
rechallenge after initial ICI treatment in NSCLC, there
were some limitations to this study. First, the meta-
analysis was based on retrospective studies, which
have their inherent biases. For example, recurrent or
new irAE after ICI retreatment seems mild and
manageable in comparison with initial ICI, but physi-
cians seemed to select the patients for rechallenging of
ICI more safely, that is, selection bias. Larger scale
prospective studies are warranted to validate the find-
ings of this study. Second, there were insufficient raw
data to conduct meta-analysis for long-term survival

after ICI rechallenge. Many studies lacked mature PFS
data necessary for meta-analysis. Third, ideally, the
safety and efficacy of ICI rechallenge should be
compared with second- or further-line docetaxel or
pemetrexed, but this was not possible, as the data on the
safety and efficacy of ICI rechallenge were compared
with those of initial ICI in the previous studies included
in this meta-analysis.

To conclude, ICI rechallenge should be considered on
an individual scenario. Rechallenge with ICI is a
reasonable therapeutic option for those who underwent
disease progression after stopping ICI treatment or who
discontinued treatment owing to toxicity. Additional
studies are needed to better understand the molecular
characteristics of responding patients.

Figure 4. Therapeutic responses of ICI rechallenge and efficacy comparison based on different initial ICI discontinuation
reasons (PD after stopping ICI therapy versus irAE versus PD during ICI). (A) Pooled ORR (CR/PR) of ICI rechallenge in meta-
analysis of proportion (12.4%, p ¼ 0.0016, random effects). (B) Pooled DCR (CR/PR/stable disease) of ICI rechallenge in meta-
analysis of proportion (54.9%, p < 0.0001, random effects). (C) ORR of initial ICI versus ICI rechallenge based on different
initial ICI discontinuation reasons in 10 studies. The ORR of ICI rechallenge was higher in patients who experienced PD after
stopping ICI treatment or irAE than in patients with PD during ICI treatment (ORR: 46.2% versus 20% versus 11.4%, p ¼ 0.003).
(D) DCR of initial ICI versus ICI rechallenge based on different initial ICI discontinuation reasons. The DCR of ICI rechallenge
was higher in patients who experienced PD after stopping ICI treatment or irAE than in patients with PD during ICI treatment
DCR: 84.6% versus 90.0% versus 55.0%, p ¼ 0.002. CR, complete response; DCR, disease control rate; ICI, immune checkpoint
inhibitor; irAE, immune-related adverse event; ORR, overall response rate; PD, progressive disease; PR, partial response.
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BACKGROUND With a warming climate, public health threat related to heat has been

exacerbated in urban areas due to the Urban Heat Island (UHI) effect (higher temperature in

cities compared with surrounding rural or suburban areas). However, few studies have

attempted to estimate the UHI effect on heat-related mortality.

OBJECTIVES To assess the current and future impact of UHI on heat-related mortality in

the Tokyo Metropolitan Area (TMA), Japan, in the context of climate changes.

METHODS I collected daily time series data on mean ambient temperature and all-cause

mortality from 2010 to 2019 for 242 municipalities in the TMA. I quantified the UHI

intensity using the municipality specific UHI anomaly (UHIa) and classified them into

decile zones. I examined the heat-related mortality for each UHIa zone and then assessed

its association with the UHIa. The UHI-attributable deaths were examined by comparing

the observed UHI-related mortality with that under an assumption of no UHI effect in the

past for the TMA. Next, I estimated the number of heat-related deaths under climate change

scenarios (RCP 2.6 and 8.5) for each UHIa zone by allowing for two assumptions on UHI
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in the future. In relation to every climate change scenario examined, the difference with and

without UHI effect was interpreted as the future impact of UHI on heat-related deaths.

RESULTS Approximately 4\degc difference in mean temperature between Zone 1 and

Zone 10 was observed.in the TMA. The zone-specific UHIa ranged from -2.80℃ in Zone 1

to 1.29℃ in Zone 10. A 1℃ increase in mean UHIa was associated with a relative increase

of 1.018 (95% confidence interval (CI): 1.002 to 1.034) in heat-related relative risk (RR)

after the full adjustment of all the other confounders. The UHI-attributable deaths was

12736 (95% empirical confidence interval (eCI): 8090,17131) in the TMA), corresponding

to over 72% of heat-related deaths. In the future, UHI-attributable deaths between the

2010s and 2090s was projected to increase from 16198 (95% eCI: 10496, 22882) to 19084

(95% eCI: 12681, 25805) under RCP 2.6 and from 15804 (95% eCI: 10012, 23432) to

31038 (95% eCI: 20441, 42594) to under RCP 8.5.

CONCLUSIONS Our findings suggest the UHI contributes to heat-related mortality in the

TMA, and its impact is projected to increase under a warming climate. The UHI appears to

have nonnegligible impacts on the projected heat-attributable health burden in the TMA,

Japan. Further research is required to investigate the potential impacts of UHI on health and

develop mitigation measures within the context of climate change scenarios, aiming to

address and alleviate this crucial aspect.
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一般投稿

日本に長期在住する中国人高齢者の健康管理
―地域で自立した生活を送る1事例の語りより―

Health Promotion Narratives of an Older Chinese Migrant 
Living Independently in a Community in Japan

千葉大学大学院看護学研究院看護学研究科
博士後期課程 姚　　利

東京情報大学看護学部看護学科
助教 石井優香

千葉大学大学院看護学研究院看護学研究科
教授 正木治恵

【Abstract】
In this case study, we used a semi-structured interview to clarify the health promotion and perspectives of 
an older Chinese migrant living independently in a community in Japan. The KJ method, a qualitative data 
synthesis method was used to analyze the data. We found that based on the life attitude of actively 
problem-solving, Mr. A visited physicians without language barriers, felt comfortable managing his health, 
and accepted the realities of aging. As a result, he was satisfied with his health and hoped to spend the rest 
of his life pain-free.

【Key words】
Aged, Case reports, Chinese, Migrant, Health promotion

はじめに

　在日中国人永住者は 296 ,600 人（2021 年末時点）

であり、そのうち 65 歳以上の高齢者は 22 ,885 人に

達し、今後も増加していくと予想される［1］。法務省

は、外国人との共生社会のビジョン実現に向けて、

中長期的課題及び具体的施策を公表しており、高齢

の外国人を取り巻く実態・課題把握の不十分さとそ

れらを踏まえた支援策の検討の必要性を主張してい

る［2］。

　高齢者は、加齢に伴い身体機能の低下など老いの

自覚症状が増えるため、健康管理への関心が高くな

る。また、健康管理の方法は長年の生活体験ととも

に築かれるものであり、その人の文化背景や生活環

境から影響を受けている［3］。移住期間［4］、移住し

た国の文化や言葉、医療システムの違いなどは、外

国からの移住者の健康管理行動において困難が生じ

る要因であり、これらの要因は心身の健康に影響を

及ぼす［5,6］。以上のことから、日本に長期在住する

中国人高齢者が直面した健康管理上の課題と対応方

法を明らかにすることは重要であり、在日中国人高

齢者の健康促進のための支援策検討に寄与すること

ができる。

　家高［7］は 1 事例の特殊性と複雑さの解明は重要

な諸状況における活動の理解を通して、様々な類似
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事例の理解を促すと述べている。また、石川ら［8］

は、高齢者が語るライフストーリー中で一般的には

健康づくりとして認識されない内容や本人が健康づ

くりとしてこれまで意識していなかった内容につい

ても、健康づくりとして意味付けられたと述べてい

る。したがって、本研究の目的を日本に長期在住す

る中国人高齢者 1事例の健康管理に関する語りを通

して、地域で自立した生活を送る在日中国人高齢者

の健康管理と健康管理に関連する考えを明らかにす

ることとした。

方　法

1．研究デザイン

　本研究は事例研究である。

2．対象者募集

　本研究は地域のコミュニティーセンターで開催さ

れている外国人向けの活動を通して対象者を募集し

た。

3．データ収集方法

　研究者はインタビューガイドを用いた半構造化イ

ンタビユーを行い、データを収集した。インタビ

ューガイドは日本における医療機関の受診経験、日

常生活の過ごし方、健康増進の方法、今後の生活を

含めた健康上の不安や望み、主観的健康感の評価理

由などで構成されている。なお、インタビューガイ

ドは外国人住民の健康問題に関する先行研究［5］を

もとに作成した。インタビューは対象者居住地域の

コミュニティーセンター内にあるプライバシーが確

保された静かな個室で行われた。全てのインタビ

ューは研究者によって録音された。

4．データ収集期日

　2019 年 4 月 X日に行った。

5．データ分析方法

　研究者はインタビューの逐語録をデータ源とし、

質的統合法（KJ 法）［9］を用いた質的分析を行った。

まず、研究者は“日常生活の中でどのように健康管

理を行っているか”を分析テーマとしてインタビ

ュー逐語録を単位化し、元ラベルを作成した。次

に、類似したラベルを集めてグループ化し、集めた

ラベル群に対してその内容を最もよく表す一文をラ

ベルとして作成した。同じ作業を類似性がなくなる

まで繰り返し、最終的に残ったラベルを最終ラベル

とした。その後、最終ラベル同士の相互関係を表す

空間配置図を作成し、分析テーマに基づいて空間配

置図の構造が直観的にわかるシンボルマークをつ

け、関係性を叙述化した。シンボルマークは【健康

管理に関する要因：その方法】と示した。分析過程

において、老年看護学ならびに質的統合法（KJ 法）

に精通する研究者のスーパーバイズを受けた。

6．倫理的配慮

　本研究は千葉大学大学院看護学研究科倫理審査委

員会の承認を得た（承認番号 30-97）。対象者に対

して研究の目的、個人情報の保護、インタビューを

録音すること、研究結果の公表などの倫理事項につ

いて中国語で分かりやすい言葉と文章で説明し、書

面にて同意を得た後にインタビューを実施した。

結　果

1．事例の概要

　A氏は B県に在住する 70 代後半の永住在留資格

を持つ男性である。A氏はデータ収集時点から 32
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年前に妻と息子 2人と共に家族 4人で日本に移住し

た。中国では大学卒業後に研究者として働き、来日

後は技術者として定年まで働いた。現在は、妻の介

護をしながら夫婦 2 人で生活している。A 氏は骨

折によって日本の病院を受診した経験はあったが、

インタビュー時点では持病はなかった。A 氏は主

観的健康感を去年と比べて“悪くなった”が、同年

齢者と比べると“とてもいい”と評価した。また、

A氏は中国人向け健康増進教室に 1 回 / 週の頻度

で参加し、地域の日本人及び中国人に対して、中国

語と日本語の授業を行っていた。毎朝、公園で太極

拳やラジオ体操を行い、毎日、約 8,000 歩以上を歩

いていた。

2．分析結果

　インタビュー逐語録から 65 枚の元ラベルが作成

され、5 段階のグループ化を経て、6 つの最終ラベ

ルとシンボルマークが生成された。以下本文におい

て、シンボルマークを【　】、最終ラベルを〈　〉、

シンボルマークの内容を表している元ラベルを斜字 

にて示した上で、シンボルマークの内容及びそれら

の関係性が反映された空間配置図（図 1）について

説明している。

（1）A氏の健康管理のシンボルマークの内容

【人生の基本姿勢 : 入手できるところから適切な解

決方法を探し困難を取り除く】

　この最終ラベルは〈研究者として、日常生活や健

康に問題があった時、メディアや社会資源など手の

届く範囲で解決方法を探求し、自分に合う物を判断

し、手に入れて困難を取り除く〉であった。

　もし（健康情報が）欲しいなら、情報を入手する

ためにその情報を探す方法を自分で考えるはず。解

決方法を自分で考える。…研究に関する仕事をする

人（自分）は、分からないままにはしない。分から

ないなら、自分で解決方法を探す。

【受診への自信：言葉の壁がなく受診できている】

　この最終ラベルは〈言葉の壁により日本の病院の

受診が難しい人と違い、自分は必要な時に医療用語

を自分で調べることができるので言葉の問題はな

く、日本での病院受診に自信がある〉であった。

　（医師の話は）全部わかったよ。…私は通訳者は

1回も呼ばなかった。…他の人は言葉（日本語）の

問題がある。（彼らは）病気になった時、日本で治

療を受けたが、なかなか（病気が）治らなかった。

結局中国の病院に行った（中国に戻って受診した）。

彼らは言葉（の意味）も通じないし、通訳者も彼ら

の考えを医師にうまく伝えられなかったからだ。

【健康管理による心地よさ：運動や団体活動の参加

が楽しい】

　この最終ラベルは〈運動で健康を維持することが

当然だと思ったり、授業の準備や団体活動への参加

を楽しいと感じたり、自らの健康をきちんと管理し

ている〉であった。

　他の人に太極拳を教えるのが私の目的ではない。

お金ももらっていない。毎朝、自分ひとりでやる。

一緒にやりたい人（日本人）がいたらやるし、誰も

いなくても大丈夫。（その理由は）自分の体を鍛え

るのが目的だから。…（授業を準備する事は）楽し

い。暇を潰せるから。朝から晩まで寝るより良い。

【現実の受容：自分でコントロールできない現実を

素直に受け入れる】

　この最終ラベルは〈老いに伴う体の衰え、社会役

割の喪失、受診の待ち時間が長いことなどに対して

は対処方法を探し、どうしても対処出来ない場合、

現実を受け入れる〉であった。

　今、歯が 19 本しか残ってない。元々は 24 本ある
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はず、5 本なくなってしまった。…日本の“8020

（運動）”によると、私は今 1本足りない。…しょう

がない、このままでいい。

【健康への自負：老いなどの現実を含め自分の健康

には相対的に満足している】

　この最終ラベルは〈人生の終点は死である事や老

い、自分の経済状況などの現実を受け止めた上で、

今の健康状態は、相対的にいいと思っている〉であ

った。

　同年齢の人と比べ（自分の健康状態は）、私のほう

がいい。日本人でも、中国人でも、私より健康な人はい

ない。…身体、心理状態、知識も。私の知識は広い。

【最期に対する希望：不自由や苦しみなく逝きたい】

　この最終ラベルは〈人生の終点は死なので、将来

の生活に心配はないが、最期は不自由や苦しみな

く、他者に迷惑をかけずに逝きたい〉であった。

　（将来の生活に）心配はない。人間はどうせ死ぬ

から。心配してもしなくても、変わらない。体が不

自由になってから死ぬより、自由に動ける間に死ん

だほうがいい。他の人に迷惑をかけるより、今死ん

だほうがいい。社会に負担をかけないし、自分も苦

しくない。

（2）A氏の健康管理の空間配置図（図1）

　空間配置図（図 1）に含まれた 6 つのシンボル

マーク【健康管理に関する要因：その方法】の関係

図 1　A氏の健康管理の空間配置図
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性を以下のように叙述化した。［　］はシンボルマー

クにおける［健康管理に関する要因］、「　」はシン

ボルマークにおける「その方法」を示している。

　A 氏は「言葉の壁がなく受診できている」とい

う［受診への自信］と「運動や団体活動の参加が楽

しい」という［健康管理による心地よさ］を共通し

て感じている。一方、「自分でコントロールできな

い現実を素直に受け入れる」という［現実の受容］

をしている。

　そして、これらの健康管理の結果、「老いなどの

現実を含め自分の健康には相対的に満足している」

という［健康への自負］と「不自由や苦しみなく逝

きたい」という［最期に対する希望］を持ってい

る。

　これらの健康管理は「入手できるところから適切

な解決方法を探し、困難を取り除く」という［人生

の基本姿勢］に支えられている。

考　察

　A氏の健康管理に関する語りの分析から得られ

た 6つのシンボルマークについて考察する。

　A氏は必要時にわからない言葉を調べることで

「言葉の壁がなく受診できている」という［受診へ

の自信］を持っていた。世界保健機関はヘルスリテ

ラシーを自身と周囲の人々の健康と幸福を促進し維

持するために、情報やサービスへアクセスし、それ

を理解し利用するための個人的な知識とコンピテン

シーと定義している［10］。これは健康に関する情報

の理解や医療従事者に自分の心配を伝えるなどのヘ

ルスケアに関するスキルに影響を及ぼす［11］。A 氏

のように受診時に医療用語を調べるといった言葉の

不安に対する事前の対応策を講じることは、在日中

国人高齢者のヘルスリテラシーの発揮を促すと考え

られる。

　A氏は太極拳やラジオ体操をきっかけにした地

域の人との関わりなど「運動や団体活動の参加が楽

しい」という［健康管理による心地よさ］を感じて

いた。移住者は文化や言葉の違いで移住した社会に

おいて、つながりを持つことに困難を感じる［5］。一

方で、高齢者は社会参加機会の増加によって、地域

における社会的ネットワークやサポートが充実し、

社会的孤独やメンタルヘルスの改善、より良い身体

的活動に繋がる［12］ことが報告されている。つまり、

太極拳など中国文化にある健康管理方法は移住した

社会における社会的つながりを促し、社会的サポー

トの充実とさらなる健康増進が期待できると言え

る。

　A 氏は積極的な健康管理を行う一方で、歯の喪

失や定年による引退などの「自分でコントロールで

きない現実を素直に受け入れる」という［現実の受

容］をしていた。高齢期における生涯発達の課題に

は身体的健康の危機と引退の危機が含まれてい

る［13］。守屋［14］は、高齢者は身体的機能の低下なら

びに社会の役割などの喪失に直面せざるを得ない

が、これらの事実を受け止めることは高齢期の自我

発達につながると述べている。つまり、老いに伴う

自分でコントロールできない［現実の受容］は、高

齢者の心理社会的健康管理において重要であると考

える。

　これらの健康管理の結果として、A 氏は「老い

などの現実を含め自分の健康については相対的に満

足している」という［健康への自負］と同時に、

「不自由や苦しみなく逝きたい」という［最期に対

する希望］を持っていた。そして、A 氏が実施し

た健康管理は「入手できるところから適切な解決方

法を探し、困難を取り除く」という［人生の基本姿

勢］に支えられていた。地域で暮らす高齢者は“自

分の理想とする逝き方”、“いずれ訪れる死への準
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備”に取り組んでおり、理想の最期を実現するため

に生前から死への準備を行うという特徴がある［15］。

また、遠藤ら［16］は日常的に生じる困難や問題の解

決策を見つけることができるという対処可能感は、

直接男性高齢者の健康行動につながる促進要因であ

ると報告している。A 氏が実施している健康管理

は健康への自負を生み出すとともに、最期の迎え方

の希望につながっており、A 氏の研究者としての

経験が健康管理の行動を支えていた。医療従事者が

在日外国人高齢者に対する健康促進策を検討する

際、彼 /彼女らの健康管理方法を理解することが重

要であり、そのためには、彼 /彼女らがそれまでの

経験を通して構築してきた人生に対する姿勢を理解

することの必要性が示唆された。

研究の限界

　本研究は事例研究であるため、結果における個人

的な傾向が強く、結果の一般化には限界がある。一

方で、長期在日中国人高齢者である A氏が日常生

活の中で実施した健康管理およびそれに関する考え

を深く探究できたことは、今後の在日中国人高齢者

の健康促進の方策を検討するための一助となると考

える。今後、在日中国人高齢者を対象とした研究成

果を蓄積する必要がある。

結　論

　本研究は地域で自立した生活を送る長期在日中国

人高齢者 A氏が行っている健康管理およびそれに

関連する考えを明らかにした。A 氏は［人生の基

本姿勢］に支えられた［受診への自信］を持ち、

［健康管理による心地よさ］を感じている。一方

［現実の受容］をしており、これらの健康管理の行

動の結果、［健康への自負］と［最期に対する希望］

を持っていた。
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1 Goal
The combine use of different kinds of osteogenic proteins (Runx2 and VEGF) may have some positive implications on the treatment of
bone regeneration who suffers from bone fractures and bone defects. Using Runx2 and VEGF for bone repair and regeneration is feasible
for mRNA delivery treatment strategies in future. The objective of this study is to explore whether local delivering of Runx2 and VEGF
mRNA would enhance mandibular defects repair of rat by in vivo and in vitro study. From this study, I hope to find evidence that Runx2
and VEGF mRNA promote bone repair and provide reliable experimental results for mRNA treatment in the field of bone regeration.

2 Approach
From the literature reviews, there are a lot of evidences that Runx2 and VEGF are important promoters of osteogenic differentiation[1,2].
But the intrinsic interactions among Runx2 and VEGF in bone regeration still needs to be well documented. In this study, I plan to use
mRNA encoding Runx2 and VEGF sequences as the method of osteogenic factor transmission, establish an mandibular defect model of
SD rat, and explore the effect of Runx2 and VEGF mRNA on bone repair. By comparing the different effects of two factors and their
combination of mRNA on mandibular bone defect using histological and molecular biological analysis, I want to find one candidate one
mRNA or one mRNA pair which has the most effective osteo-induction effect.
 
3 Materials and methods
Materials: VEGFa165 mRNA, Runx2 mRNA, Gluc mRNA, Luc2 mRNA, pladmid, Lipofectamin MessengerMAX, Renilla-Glo™
Luciferase Assay System, NIPPON GENETICS mRNA extraction, TOYOBO Reverse transcription kit, GeneAce SYBR® qPCR Mix ,
PEG-PAspDET(43-63) polymer, Hepes aqueous solution, Masson golden staining, CD-31 antibody, ALP antibody, OCN antibody, 8-
week-old male SD rat, low speed minimotor and handpiece, 4-mm circle drill, micro-CT, n vivo imaging system(IVIS).
Methods:
a) mRNA transfection Lipofectamin MessengerMAX: Seeding primary-osteoblasts(POBs) to be 70% confluent at transfection at day0. 24
hours later, dilute MessengerMAX Reagent(5 l) in Opti-MEM  Medium(175 l) and prepare diluted mRNA master mix by adding
mRNA(2 g) to OptiMEM Medium(175 l). Then mixing diluted mRNA to each tube of Diluted MessengerMAX Reagent(1:1 ratio).
Finally, change the medium 24 hours later.
b) Gluc expression analyze: Add 100μl of Renilla Luciferase Assay Reagent to the luminometer tube. Add 20μl of cell lysate. Mix quickly
by flicking the tube or vortexing for 1-2 seconds.Place the tube in a luminometer and initiate measurement. Luminescence should be
integrated over 10 seconds with a 2-second delay. Other integration times may be used. If the luminometer is not connected to a printer or
computer, record the Renilla luciferase activity measurement.
c) Runx2 and VEGF mRNA transfetion: P4-primary cells are seeding into 6-well-plate(1×10^5 cells/well) group setting A-only
medium, B-Lipofectamine+Luc2, C-Lipofectamine+RUNX2, D-Lipofectamine+VEGF, E-Lipofectamine +RUNX2 (1 g/well)+VEGF(1

g/well),F-Lipofectamine+osteogenic medium.
d) Realtime PCR: mRNA extraction by fastGene™ RNA Basic Kit. Reverse transfection the RNA by ReverTra AceTM qPCR RT Master
Mix kit.Target gene(ocn and opn) are anlyzed by real-time qPCR using SYBR Green I dye method. All the data are calculated by 2 CT
method.                                                                                                                                                                                            e)
Mandiblular defect: 8-week-old male rats are conducted mandibular defect surgery(4mm defect hole) under anesthesia.
f) IVIS: Luc2 mRNA(10 g)+PEG-PAspDET(43-63) polymer with total 50 l volume is injected into mandibular defect area. 4h, 24h, 48h,
72, 96h, 1week after injection, Luciferase expression is imaged by IVIS.
g) Runx2 and VEGF mRNA in vivo treatment: group:  A-Hepes solution, B-Runx2(10 g), C-VEGF(10 g), E-RUNX2 (10 g)+VEGF(10
g), from post-surgury 1week, conduct mRNA injection treatment every week.
h) micro-CT:  post-surgury 4week, conduct microCT to analyze the bone mineral density and bone volume for new bone formation.
i) Immunofluorescence staining: 8week mandibular samples are collected to making frozen slides, then using CD-31 antibody to mark the
angeogenesis and ALP and OCN antibody to mark the osteogenesis of the bone defect area by immunofluorescence staining.
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Results
a) mRNA synthesis and validity verification: western blot image showed that Runx2 and Vegf mRNA made in our lab successfully
produced protein in Hela cells (Figure1a). successful Gluc mRNA transfection: Gluc expression curve demonstrated that the mRNA
expression peaked at 24 hours post-transfection and gradually decrease with time.
b) Runx2 mRNA and VEGF mRNA promoted the osteogenic markers in vitro: After transfected with mRNA in different groups,the RT-
PCR results showed that expression of osteoprotin and osteocalcin were relatively highest in RUNX2+VEGF group, while using RUNX2
or VEGF mRNA alone weakly stimulates osteogenic differentiation compared with blank group and Luc2 group(Figure 1d-f). The -
catenin, Lef1, and Osterix mRNA expression at 7 days also showed a slight increase in Runx2 mRNA/VEGF mRNA transfection group
than the Blank and Luc2 group. These in vitro data revealed that the use of Runx2 mRNA or VEGF mRNA alone only upregulated the
expression of OCN at 11 days.
d) PEG-PAsp(DET)-nanomicelles successfully delivered Luc2 mRNA into target area: IVIS observed tha luciferase signal 4 hours after
Luc2 mRNA injection. The images demonstrated the luciferase expression peaked at 24 h then decreased with time. The distribution of
ZsGreen1 from microscopic images verified that ZsGreen1 mRNA-loaded by polyplex nanomicelles was nonspecifically delivered into
multiple cells in vivo. And the ZsGreen1 signal was dispersed in the mandibular defect area.
e) mandibular defect model identification and mRNA treament by microCT: 3D construction image showed a clear 4mm-circle bone
defect was established. The results showed local co-administration of Runx2/VEGF mRNA accelerated the new bone regeneration and
bone mineralization in the early phase of mandible bone healing. After the first mRNA injection, the new bone tissue was observed in the
Runx2 mRNA group, VEGF mRNA, and Runx2/VEGF mRNA group, and the process of bone regeneration continued after weekly
administration. The ROI of mandible defect showed a large amount of new bone tissue was produced in the Runx2/VEGF mRNA group,
followed by VEGF mRNA group.
 
5 Discussion
The combination of Runx2 and VEGF mRNA treatment in bone tissue regeneration is an exploration of an mRNA-based therapeutic
strategy. In this study, Runx2 and VEGF mRNA transfection enhanced the expression of osteogenic differentiation genes in osteoblasts,
which was confirmed by in vitro experiments. The subsequent in vivo animal experiments provided strong evidence that co-delivery of
Runx2 and VEGF mRNA by polyplex nanomicelles accelerated mandibular defect healing and enhanced new bone formation over the
Runx2 or VEGF mRNA single-administration groups. The morpho-histological analyses of ALP, OCN, and CD31 proteins expression
revealed that osteogenesis and angiogenesis coupling was activated by co-administration in the early phase of bone repair. Our in vitro and
in vivo results substantiated that the co-administration of Runx2 and VEGF mRNA has the advantage of synergistic effect on bone tissue
regeneration and osteogenesis and angiogenesis coupling compared with the single factor administration within a mandibular defect model.
In the complicated bone healing period, not only bone mesenchymal progenitors and osteoblasts lineages but also endothelial progenitors
are recruited into the bone defect area, and the cellular interactions between different types of cells participate in the process of
osteogenesis and angiogenesis[3].  Based on this concept of co-administration therapy, our study provides a feasible approach to add more
candidates of osteogenic factors for combination therapy in bone regeneration medicine.
The mRNA delivery achieves the combined administration of Runx2 and VEGF in the mandible defect area based on its characteristics of
efficiently, low cost, and safely stimulating cells to produce activity proteins. As a protein-replacement therapy, IVT mRNA is designed to
be structurally similar to those that occur naturally in eukaryotic cells and stimulates cells to produce the target bioactive protein, which
overcomes the difficulties such as the high cost of artificial recombinant protein synthesis and strict manufacturing conditions[4]. And it is
also easy to evaluate the optimal dose by adjusting different mRNA doses and dosage ratios, hence achieving better efficacy in bone
regeneration treatment.[5].
mRNA therapeutics have made rapid progress in the fields of cancer immunotherapies and infectious disease vaccines in recent years, but
their application in bone tissue regeneration is still in its infancy. In our study, the dose ratio and administration time of Runx2 and VEGF
mRNA in the treatment of mandibular defects need to be further optimized. And the mechanism of synergistic effect between RUNX2 and
VEGF mRNA in osteogenesis and angiogenesis coupling also requires our in-depth exploration. Although this study has some limitations,
the successful application of co-delivery Runx2 and VEGF mRNA for early bone healing in our research has expanded the idea of mRNA
medicine. Our results provide a reliable experimental basis for the treatment of bone regeneration based on mRNA administration and
support the feasibility of mRNA-loaded polyplex nanomicelles drugs for bone regeneration.
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Metformin Rescues the Impaired Osteogenesis
Differentiation Ability of Rat Adipose-Derived Stem Cells

in High Glucose by Activating Autophagy

Maorui Zhang,1–3,i Bo Yang,4 Shuanglin Peng,1,2 and Jingang Xiao1,2

The incidence and morbidity of diabetes osteoporosis (DOP) are increasing with each passing year. Patients with
DOP have a higher risk of bone fracture and poor healing of bone defects, which make a poor quality of their life.
Bone tissue engineering based on autologous adipose-derived stem cells (ASCs) transplantation develops as an
effective technique to achieve tissue regeneration for patients with bone defects. With the purpose of promoting
auto-ASCs transplantation, this research project explored the effect of metformin on the osteogenic differentiation
of ASCs under a high-glucose culture environment. In this study, we found that 40mM high glucose inhibited the
physiological function of ASCs, including cell proliferation, migration, and osteogenic differentiation. Indicators
of osteogenic differentiation were all downregulated by 40mM high glucose, including alkaline phosphatase
activity, runt-related transcription factor 2, and osteopontin gene expression, and Wnt signaling pathway. At the
same time, the cell autophagy makers BECLIN1 and microtubule-associated protein 1 light chain 3 (LC3 I/II)
were decreased. While 0.1mM metformin upregulated the expression of BECLIN1 and LC3 I/II gene and
inhibited the expression of mammalian target of rapamycin (mTOR) and GSK3b, it contributed to reverse the
osteogenesis inhibition of ASCs caused by high glucose. When 3-methyladenine was used to block the activity of
metformin, metformin could not exert its protective effect on ASCs. All the findings elaborated the regulatory
mechanism of metformin in the high-glucose microenvironment to protect the osteogenic differentiation ability of
ASCs. Metformin plays an active role in promoting the osteogenic differentiation of ASCs with DOP, and it may
contribute to the application of ASCs transplantation for bone regeneration in DOP.

Keywords: metformin, adipose-derived stem cells, autophagy, Wnt signaling pathway, GSK3b, osteogenic
differentiation

Introduction

The bone tissue complication caused by a persistent high
blood glucose of diabetes mellitus (DM) is called dia-

betic osteoporosis (DOP), which is characterized by bone
loss, destruction of the bone microstructure, increased bone
fragility, and high fracture risk [1]. Hyperglycemia is one of
the main manifestations of DM patients, and the abnormal
glucose metabolism in the internal environment leads to os-
teogenesis disorder in bone tissue. Literature showed that
the number of mesenchymal stem cells and osteoblasts de-
creased, and the synthesis and secretion of regulatory factors
of osteogenic differentiation were also impeded in DM [1,2].
The insufficient osteogenic differentiation and bone forma-
tion in DM made it difficult to repair and regenerate bone
tissue. The poor bone healing and remaining bone defects in

DOP patients after the bone defect or fracture leading to a
decline in the quality of life of patients. So it is of great sig-
nificance and urgent necessity to explore the treatment to im-
prove the osteogenesis differentiation process in DOP.

In recent years, the induction of autologous mesenchymal
stem cells for tissue regeneration and cell-based tissue-
engineered bone provides a new therapy for promoting DOP
bone defect repair. Adipose-derived stem cells (ASCs) are a
type of adult mesenchymal stem cells from fat tissue that
have a capacity for self-renewal [3]. ASCs can be direction-
ally differentiated into osteogenesis, adipogenesis, and chon-
drogenesis, which have a wide application prospect in the
research fields of bone regeneration, bone healing, and bone
integration. Under somatic osteogenic induction conditions,
ASCs differentiate into osteogenic precursors expressing
genes and proteins related to osteogenic differentiation such
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as runt-related transcription factor 2 (Runx2), osteopontin
(Opn), DLX5, and Osterix. However, studies have proved
that the internal environment disturbance caused by diabetic
hyperglycemia had an impact on the metabolism of ASCs,
leading to significantly impaired ASCs bone-orientation dif-
ferentiation ability under the DOP microenvironment. How-
ever, the reasons for the osteogenic differentiation injury of
ASCs in the diabetes microenvironment are not fully under-
stood, and the treatment of bone repair and regeneration using
autologous ASCs from DOP still needs further exploration.

Metformin (MF) is one of the first-line drugs for type 2
diabetes treatment. Recent studies presented that metformin
maintained the stability of cell metabolism, activate autop-
hagy, and also had a relieving effect on osteoporosis [4–6].
Autophagy is a process in which cells self-regulate and de-
grade intracellular macromolecules and damaged organ-
elles. The cell degradation products are recycled by cell
autophagy, which maintains the homeostasis of the intracel-
lular environment [7]. Researchers found an increasing num-
ber of autophagic vesicles in femur tissue during postnatal
development, while the femur and tibia were underdevel-
oped in Fgf18+/- transgenic mice [8]. Gao et al. demon-
strated that metformin regulated the development of bone
marrow cells and promoted the differentiation of bone mar-
row mesenchymal stem cells to osteogenesis by regulating
the expression of Cbfa1, LRP5, and COL1 genes [9]. Al-
though studies have shown that metformin promoted the
osteogenic differentiation of mesenchymal stem cell lines,
the regulatory mechanism of metformin on ASCs osteogenic
differentiation under the high-glucose environment is still
not clear, and the relationship between autophagy and ASCs
osteogenic differentiation needs to be clarified.

Our previous study found that the DOP microenviron-
ment significantly inhibited the osteogenic differentiation
of ASCs; then, we want to further study the effect of met-
formin in the osteogenic differentiation process of ASCs.
Therefore, in this project, rat ASCs from fat tissue were
cultured in vitro and treated with high glucose, metformin,
and 3-methyladenine (3-MA) to explore whether metformin
can activate cell autophagy level to promote the process
of bone orientation differentiation of ASCs, as well as the
molecular mechanism and signaling pathway involved.

Materials and Methods

Isolation of ASCs

This animal research was approved by the Animal Ethics
Committee of Southwest Medical University, Luzhou, China.
All the procedures, including anesthesia, surgery, nursing,
and euthanasia, were conducted according to the guidelines
of the National Institutes of Health of China.

The Sprague-Dawley male rats were given general anesthe-
sia. After removing the inguinal adipose tissue, the skin wound
was sutured and resuscitated. The tissue samplewas cultured by
the tissue block culture method under aseptic conditions. First,
adipose tissue was washed by phosphate-buffered solution
(PBS; HyClone) containing 1% penicillin–streptomycin solu-
tion (FBS; HyClone). Then, it was carefully cut into mince and
laid on the bottom of the culture flask. Next, we gently added
alpha-modified eagle’s medium (a-MEM; HyClone) medium
containing 10% fetal bovine serum (FBS; HyClone), and cul-
tured in an incubator in5%CO2 at 37�C for primarycell culture.

The culture medium was changed every 3 days. The multi-
lineage differentiation capacity of ASCs was proved by our
previous article [10]. The cells were passed to third-generation
for the following experiments.

Cell proliferation analysis after reagents treatment

Cell Counting Kit-8 (CCK-8; Dojindo, China) was used to
detect the toxicity of different glucose concentration of ASCs.
The third-passage ASCs (5· 104 cells/mL, 100mL/well) were
cultured in 96-well plates with a-MEM for 24h. Then, ASCs
were treated with different concentrations of glucose (10, 25,
50, 75, and 100mM; MedChemExpress). After 48 and 96h,
we added a reagent of the CCK-8 into medium and incubated
for 2–3 h. The optical densities of the incubated medium in
different groups were measured at 450 nm by an automatic
microplate reader (Spectra Thermo, Switzerland).

Cell wound healing assay

The third-passage ASCs (5 · 104 cells/well) were seeded
into 6-well plates, and then, ASCs were treated with 40mM
glucose and 0.1mM metformin (MedChemExpress) [11,12].
When the cell density reached 95%–100%, a 100mL pipette
tip (Thermo Scientific) was used to make a straight scratch
in the center of each plate. Images were collected at 6-h
intervals to observe the wound healing ability of ASCs.

Alizarin red-S staining

ASCs (5 · 104 cells/well) were seeded into 6-well plates
and cultured in an osteogenic medium (Cyagen Biosciences,
Inc.) with high glucose, metformin, and 3-MA. The compo-
nents of osteogenic medium were as follows: basal medium
(175mL), FBS (20mL), glutamine (2mL), penicillin–
streptomycin (2mL), ascorbate (400mL), b-glycerophosphate
(2mL), and dexamethasone (20mL). After 21 days, the num-
ber of mineralized nodes with alizarin red stain was used to
demonstrate the osteogenic differentiation ability of ASCs.
After 21 days, PBS was used to wash cells thrice, and 4%
paraformaldehyde was used to fix ASCs for 30min. Then
ASCs with mineralized matrix was stained with Alizarin
red-S dye for 1 h and the images were collected by inverted
light microscope (Olympus, Japan).

Alkaline phosphatase staining

After drug treatment cultured with osteogenic induction
medium in 7 days, ASCs were fixed by 4% paraformalde-
hyde and washed by PBS thrice. The activity of alkaline
phosphatase (ALP) was examined by 5-bromo-4-chloro-3-
indolyl phosphate/Nitro Blue Tetrazolium Color Develop-
ment Kit (Beyotime, China) overnight. Also, the stained
cells were observed by an inverted light microscope.

Western blot assay

Total protein of ASCs was lysed using the Total Protein
Extraction Kit (Keygen Biotech, China) after drug treatment.
Then, we detected the concentration of total protein by
Bicinchoninic Acid Protein Assay Kit (Thermo Scientific).
Then, different proteins among each group were divided
by 8% or 10% or 12% (v/v) sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gel
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(Beyotime) with 90V for 1 h and 120V for 1 h. Also, the
SDS-PAGE gel was transferred to polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) at a constant current of
100mA for 1 h. All PVDF strips were blocked with 5% skim
milk (Bio-Rad), which was diluted in 0.05% (v/v) Tween-20
Tris-buffer saline (TBST) and incubated with target primary
antibodies (1:1,000) overnight at 4�C, including glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH; ab181602),
OPN (ab91655), GSK3b (ab32391), mammalian target of
rapamycin (mTOR) (ab32028) and BECLIN1 (ab62557;
Abcam, United Kingdom), and RUNX2 (12556s), LEF1
(2230p), b-catenin (D10A8), and light chain 3 (LC3) I/II
(12741T; Cell Signaling Technology). Membranes were
washed with TBST thoroughly for 30min and immersed in
goat-anti-rabbit secondary antibodies (Beyotime) for 1 h.
The image results were visualized using an Enhanced
Chemiluminescence Detection System (Bio-Rad).

Immunofluorescence staining and confocal
laser scanning

ASCs (1· 104 cells) were inoculated on confocal dishes
(Corning) and treated as previously described with high glu-
cose and metformin for 4 days. Cells were gently washed with
PBS and fixed with 4% paraformaldehyde for 15min. Per-
meabilized the cytomembrane of ASCs by 0.5% Triton X-100
and immersed them in 5%goat serum (Beyotime) for 1 h.Next,
rabbit primary antibodies of BECLIN1 and GSK3b (1:200)
were used to incubate ASC samples overnight at 4�C, and a
fluorescence-conjugated goat-anti-rabbit secondary antibody
(Beyotime) was used to combine the primary antibody for 1 h.
Finally, the nucleus of ASCswas stained by 4¢,6-diamidino-2-
phenylindole (Beyotime). The fluorescence images were
captured by the inverted fluorescencemicroscope (Olympus).

RNA extraction and real-time fluorescent
polymerase chain reaction

Total RNA of ASCs in each group was extracted by Total
RNA Extraction Kit (BioFlux, China). The mRNAs were

reverse transcribed into cDNA by PrimeScript RT Reagent
Kit (Takara Bio, Japan). Then real-time polymerase chain
reaction (RT-PCR) was conducted by SYBR Premix ExTaq
kit (Takara Bio) with ABI 7900 system machine (Applied
Biosystems) as follows: 95�C for 45 s; then 40 cycles of 95�C
for 5 s; and finally 60�C for 30 s. All the primer sequences
details are shown in Table 1. The quality of the PCR product
was examined by melting curve, while the gene cycle
threshold (CT) values from all groups were calibrated with
Gapdh CT values and calculated by the 2-DDCt method.

Statistical analysis

Experimental results were repeated over three times in-
dependently, and the data were calculated by SPSS
19.0 software (SPSS, Inc.) with Student’s t-test or one-way
ANOVA. Differences were marked as statistically significant
if P< 0.05.

Results

High glucose restrained cell proliferation
and cell migration

Cultured with different differentiation induction me-
diums, ASCs derived from adipose tissue were induced
into osteoblasts, adipocytes, and chondrocytes, which
demonstrated the multidirectional differentiation ability
of ASCs (Fig. 1A). After osteogenic induction, ASCs
changed their morphology from spindle shape of fibro-
blasts to typical polygon shape of osteoblast, and mineralized
matrix accumulates around the cells. While in the adipo-
genic medium, the shape of ASCs became ovoid and filled
with lipid, which was dyed orange by Oil Red O. When
ASCs differentiate into chondroblasts, they secreted pro-
teoglycan, collagen, and other extracellular matrices to
make the cells stick together.

Excessive glucose concentrations are toxic to the prolifera-
tion, migration, and differentiation of ASCs. The CCK-8 results
showed that the cell proliferation ability of ASCs was gradually

Table 1. Primer Sequences Information for Amplification of Genes

Gene name RefSeq transcripts Sequence (5¢/3¢)

Gapdh NM_017008.4 Forward: ACAGCAACAGGGTGGTGGAC
Reverse: TTTGAGGGTGCAGCGAACTT

Runx2 NM_001278483.1 Forward: AGGGACTATGGCGTCAAACA
Reverse: GGCTCACGTCGCTCATCTT

Opn NM_012881.2 Forward: CACTCCAATCGTCCCTACA
Reverse: CTTAGACTCACCGCTCTTCAT

b-Catenin NM_053357.2 Forward: AAGTTCTTGGCTATTACGACA
Reverse: ACAGCACCTTCAGCACTCT

Gsk3b NM_019827.7 Forward: AACTCCACCAGAGGCAATCG
Reverse: CGTTGCACTCTTAGCCCTGT

Lef1 NM_130429.1 Forward: CAGACCTGTCACCCTTCAGC
Reverse: GTGAGACGGATTGCCAAACG

mTOR NM_019906.2 Forward: AGTGGGAAGATCCTGCACATT
Reverse: TGGAAACTTCTCTCGGGTCAT

Beclin1 NM_053739.2 Forward:AGCACGCCATGTATAGCAAAGA
Reverse: GGAAGAGGGAAAGGACAGCAT

LC3 II NM_022867.2 Forward: GAGTGGAAGATGTCCGGCTC
Reverse: CCAGGAGGAAGAAGGCTTGG

Gapdh, glyceraldehyde 3-phosphate dehydrogenase; LC3, light chain 3; mTOR, mammalian target of rapamycin; Opn, osteopontin;
Runx2, runt-related transcription factor 2.
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declined with the increase of glucose concentration in 48 and
96h (Fig. 1B). Also, the cell migration ability of ASCs was
depressed under 40mM glucose treatment compared with the
control group at different time points (Fig. 1C). Then, we
studied the inhibiting effect of high glucose on osteogenic
differentiation of ASCs in the following part of our research.

High glucose inhibited osteogenic differentiation
capacity and Wnt signaling pathway in ASCs

To explore the relationship between high glucose and
ASCs osteogenic differentiation, we treated ASCs with 40mM
glucose and 0.1mM metformin and detected the changes
of cell mineralization, ALP activity, osteogenic factors, and
Wnt signaling pathway. After osteogenic differentiation in-
duction for 21 days, the mineralized external matrix produced
by ASCs was stained by Alizarin red-S staining. The staining
results demonstrated that high-glucose treatment caused the
lower formation of mineralized nodules in the high-glucose
group, while the addition of metformin in high glucose pro-
moted the formation of mineralized nodules to a certain extent
(Fig. 2A). The ALP staining results of ASCs after osteogenic
differentiation for 7 days also proved that a high-glucose en-
vironment inhibited ALP activity, while metformin upregu-
lated its expression (Fig. 2C). RUNX2 and OPN were the
represent proteins for osteogenic differentiation, b-CATENIN
and LEF1 represented the activity of the Wnt signaling path-
way. After 4 days of ASCs osteogenic differentiation, the
western blot and RT-PCR results were consistent with the re-
sults of Alizarin red-S staining and ALP staining (Fig. 2B, D).

High glucose suppressed the autophagy level
and metformin modulated autophagy inhibition
induced by high glucose

Our results showed a correlation between osteogenic dif-
ferentiation potential damage of ASCs and the inhibition of
autophagy level by high glucose. After being cultured under
high glucose and metformin condition, the protein and mRNA
of ASCs in different groups were analyzed. The western blot
images showed that high glucose inhibited the expression of
two key proteins in autophagy: BECLIN1 and LC3 I/II, while
they were upregulated by metformin (Fig. 3A, B). However,
the expression of mTOR and GSK3b, which negatively reg-
ulated the autophagy signaling pathway, was increased in the
high-glucose group. The gene expression results detected by
RT-PCR were consistent with western blot results (Fig. 3D).
Then, the fluorescence signal images showed that the ex-
pression of Beclin1 was the weakest in the high glucose
group, while metformin activated the expression of Beclin1
and showed the strongest fluorescence (Fig. 3C).

3-MA antagonized the effect of metformin
on osteogenic differentiation and cell autophagy
in ASCs

To further prove the important role of autophagy in pro-
moting osteogenic differentiation of ASCs, we added 3-MA,
an inhibitor of metformin, to verify that once inhibited by
3-MA, metformin was not able to recover the damaged
osteogenic differentiation potential of ASCs by high

FIG. 1. ASCs had multidirectional differentiation ability, but high-glucose inhibited the cell proliferation and migration of
ASCs. (A) ASCs multidirectional differentiation was analyzed by Alizarin red-S staining (in red), Oil Red O staining (in
orange), and Alcian blue assay (in blue) after induction culture; (B) CCK-8 assay data showed that the high-glucose con-
centration inhibited the cell proliferation activity at 48 and 96h. At 40mM high glucose, the cell proliferation activity was
reduced to 80% which was statistically different from the control group; (C) cell wound healing progress was detected every
6 h with an inverted light microscope, the images showed that the cell migration ability was suppressed in the high-glucose
group and its scratch was not healed within 24h. The yellow dotted line shows the initial boundary of the scratch. *P< 0.05,
**P< 0.01. ASC, adipose-derived stem cell; CCK-8, Cell Counting Kit-8. Color images are available online.
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glucose. The Alizarin red-S staining images demonstrated
that after the addition of 3-MA, the ability of metformin to
promote osteogenic differentiation was offset by 3-MA
(Fig. 4A). The results of western blot and RT-PCR dem-
onstrated that the expression of Beclin1 and LC3 I/II was
successfully inhibited by 3-MA, and metformin could not
upregulate their expression (Fig. 4B, C). The expression of
RUNX2 and OPN was higher in the HG+MF group than in
the HG group. When 3-MA inhibited the effect of metfor-
min, the expression of RUNX2 and OPN was downregulated
in the 3-MA+MF+HG group compared with the MF+HG
group (Fig. 4B, C). The results meant that the positive effect
of metformin on ASCs osteogenesis was inhibited by 3-MA.

Metformin-modulated autophagy activated Wnt
signaling pathway in the process of osteogenic
differentiation

So far, we have proved that high glucose inhibited the
osteogenic differentiation potential of ASCs through auto-

phagy, while metformin reversed this negative effect. How-
ever, we still need to find the clues behind the osteogenesis
damage of ASCs and autophagy. The literature review found
that GSK3b could not only negatively regulate the level of
autophagy but also targeted to bind the b-CATENIN to in-
hibit the Wnt signaling pathway [13,14]. Therefore, we were
committed to exploring whether GSK3b is a link between
the Wnt signaling pathway and cell autophagy. After treat-
ment with high glucose, metformin, and 3-MA, we detected
the expression activity of mTOR, GSK3b, b-CATENIN, and
LEF1 among each group (Fig. 5A, C). The protein expres-
sion of mTOR and GSK3b was upregulated in the high-
glucose group, and metformin could not depress them in the
HG +3-MA+MF group. The expression of b-CATENIN and
LEF1 was higher in the HG+MF group than that in the HG
group and the HG +3-MA+MF group. The results demon-
strated that the Wnt signaling was activated when the cell
autophagy level was upregulated by metformin, which pro-
moted the progress of osteogenic differentiation. The fluo-
rescence staining of GSK3b showed that it was highly

FIG. 2. The osteogenic differentiation capacity of ASCs and the Wnt signaling pathway were detected after glucose and
metformin treatment. (A) Osteogenesis cultured for 21 days, mineralized nodules were stained by Alizarin red-S; (C) osteo-
genesis cultured for 7 days, and the active ALP in ASCs was dyed purple. Metformin group had the highest of mineralized
nodules formation andALP activity; (B, D)RT-PCRandwestern blot data showed that the expression of typical osteogenic genes
Runx2 and Opn and Wnt signaling pathway genes b-catenin and Lef1 was higher in the metformin group than that of the high-
glucose group. Although the expression level of the HG+MF group was not as good as that of the metformin group, it was also
higher than that of the HG group. The difference was statistically significant. All the results showed that metformin resisted the
negative effect of high glucose and promoted bone formation. *P< 0.05, **P< 0.01. ALP, alkaline phosphatase;MF, metformin;
Opn, osteopontin; RT-PCR, real-time polymerase chain reaction; Runx2, runt-related transcription factor 2. Color images are
available online.
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FIG. 4. Metformin alleviated the high glucose-induced damage to the osteogenic capacity of ASCs by activating
autophagy. (A) The Alizarin red-S staining images showed that metformin was helpful for osteogenesis and promoted
the production of mineralized nodules even in the HG+MF group. But after adding 3-MA, the size and the number of
mineralized nodules were reduced, especially in the HG +3-MA+MF group; (B, C) the protein and gene expression
of Beclin1 and LC3 I/II was downregulated in the 3-MA+MF group and the HG +3-MA+MF group. The expression of
Runx2 and Opn was also decreased and could not recover in the HG +3-MA+MF group. *P< 0.05, **P < 0.01,
***P < 0.001. 3-MA, 3-methyladenine. Color images are available online.

‰

FIG. 5. Metformin regulated Wnt signaling pathway. (A)Western blot image and bar graph showed that the expression of
mTOR and GSK3bwas the lowest in the MF group, but was increased under the treatment of 3-MA. Because of the inhibitory
effect of 3-MA on metformin, the expression of b-CATENIN and LEF1 was suppressed in the HG +3-MA+MF group. The
activation effect of metformin on the expression of b-CATENIN and LEF1 was negatively influenced by 3-MA. (B) The red
fluorescence showed the expression of GSK3b of ASCs. It was obvious that the fluorescence signal of GSK3bwas weakest in
the MF group, and it was weaker in the HG+MF group than the HG group and HG +3-MA+MF group. These images showed
that GSK3b was significantly inhibited by metformin. (C) The mRNA expression results of b-Catenin, LEF1, mTOR, and
GSK3b were consistent with western blot analysis, which demonstrated that the depress effect of metformin on GSK3b
activated the Wnt signaling pathway. *P< 0.05, **P < 0.01, ***P < 0.001. Color images are available online.
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expressed in the HG group and downregulated by metformin
in the HG+MF group. But metformin failed to work on
GSK3b in the presence of 3MA in the 3-MA+MF group and
HG +3-MA+MF group (Fig. 5B).

Discussion

Although studies have reported that the risk of bone met-
abolic disease due to diabetes is not consistent across ethnic
groups, it has become a global public health issue affecting
over 422 million individuals all over the world [15–19]. It
was found that skeletal fragility in diabetes caused an in-
creased incidence of osteoporosis, a higher risk of fracture
and poor bone healing [20]. Rodent models of diabetes pro-
ved that obesity, insulin resistance, and hyperglycemia of
the T2D diabetes model caused skeletal abnormalities, in-
cluding lower femoral cortical thickness, decreased stiffness,
and abnormalities of multiple trabecular and cortical mi-
croarchitectural [21]. Studies of osteoblast cell lines based
on diabetes and hyperglycemia environment also showed
that diabetes has a significant negative effect on cell phys-
iological function. Previous studies in my research group
showed that the osteogenic differentiation ability of ASCs was
significantly suppressed by advanced glycation end prod-
ucts, which is a kind of glucose and protein metabolites
due to hyperglycemia [10,22]. In this study, we used high-
dose glucose to simulate a hyperglycemia environment, and
the results showed that the proliferation, migration, and os-
teogenic differentiation of ASCs are significantly inhibited,
which is consistent with the published literature.

To solve the problem of osteogenic differentiation inhi-
bition of ASCs with high glucose, we set our sights on the
first-line hypoglycemic drugs, trying to find the positive ef-
fect of metformin on osteogenic differentiation of ASCs.
Numerous researches give experimental evidence for a
promising benefit of metformin for skeletal metabolism
[23,24]. In vitro studies (Wang P et al.) found that metfor-
min contributed to the differentiation of human-induced
pluripotent stem cell-derived mesenchymal stem cell to os-
teoblast cell line by mediating the LKB1/AMPK pathway
[25]. Agnieszka S et al. proposed that low concentration
metformin promoted the metabolic activity of ASCs, while
high-concentration metformin inhibited it [26]. On the flip
side, high-concentration metformin had a stronger effect on
osteogenesis, while low-concentration metformin appeared
to have a weak effect. According to existing literatures,
0.1mM metformin is a nontoxic concentration for different
types of cells and showed good effects on osteogenic differ-
entiation [11,12]. Therefore, the 0.1mM metformin was used
in our study as the treatment concentration. Our research data
based on ASCs proved a positive effect of 0.1mM metfor-
min in expediting the osteogenic differentiation of ASCs.
Most intuitively, there is a significant increase in the pro-
duction of mineralized nodules visible to the naked eye after
0.1mM metformin treatment. In addition, the expression of
osteogenic markers and the Wnt signaling pathway was
upregulated by metformin.

In recent years, the role of metformin as an autophagy
activator has been gradually discovered. Our study analyzed
the expression of autophagy key proteins Beclin1 and LC3 I/II,
which was significantly inhibited under high-glucose con-
ditions while was rescued by metformin. At the same time,

metformin decreased the expression of the negative regu-
latory factors of autophagy, mTOR, and p-GSK3b (Fig. 3).
Some research work has demonstrated that the distur-
bance of physiological activity of cells in a high-glucose
environment is closely related to the change of auto-
phagy level [27,28]. Metformin prominently regulates the
osteoprotegerin-mediated inhibition of osteoclasts differen-
tiation by upregulating the level of autophagy [29]. Another
study on metformin showed that the autophagic capacity,
antiaging ability, and osteogenic differentiation were posi-
tively improved after being treated with metformin every
day [6]. In this study, we demonstrated that the high ex-
pression of autophagy-related genes and proteins altered
by adding metformin, and their changes are positively cor-
related with osteogenic differentiation of ASCs. Therefore,
the activating effect of metformin on autophagy maybe its
key mechanism to promote osteogenesis.

With the development of autophagy study, researchers
revealed that the negative regulator of autophagy is also an
important factor affecting autophagy. A close relationship
between autophagy level and cell osteogenesis was found
not only in osteoblasts and osteoclasts but also in hemato-
poietic progenitors and macrophagocyte [30,31]. GSK3b
was reported to have negative regulatory effects on the
autophagy pathway in cancer cells but also in other diseases
[32,33]. Azoulay-Alfaguter et al. reported that a high level
of GSK3a and GSK3b activated mTORC1 and suppres-
sed Beclin1 expression in MCF-7 human breast cancer
cells, contributing to cancer therapy [34]. It was also showed
a negative correlation between Akt/GSK3b/b-catenin sig-
naling and autophagy in atrial fibrosis of human atrial fi-
broblasts [32]. Our data found that the inhibition of high
glucose on the autophagy pathway was related to the over-
expression of GSK3b and mTOR1 in ASCs. Metformin
appeared to inhibit the expression of GSK3b while activating
autophagy.

As we know, GSK3b is also an important protein that in-
hibited the key factor, b-Catenin, in the Wnt signaling path-
way [10,14,22,35]. Glucagon-like peptide-1 improved the
glucose tolerance and insulin tolerance in a diabetic mouse
model and promoted the expression of osteogenic markers
via the Wnt/GSK3b/b-catenin pathway [14]. The osteogenic
differentiation ability of human BMSCs was activated by
Ginsenoside Rg1 because of its inhibitory effect on GSK3b
[35]. What’s more, it is worth noting that direct evidence
showed that GSK3b is a link factor between the autophagy
pathway and the Wnt signaling pathway [36]. The authors
proved that electroacupuncture pretreatment provided neu-
roprotective effects and ischemic stroke prevention by up-
regulating autophagy and b-catenin through the inhibition of
GSK3b in the cerebral ischemia injury model. Therefore,
based on the literature and our research, we believe GSK3b
might be an important connection point on the impetus of
metformin on osteogenic differentiation of ASCs. When
metformin activated the cell autophagy of ASCs, it also
gave a negative feedback effect on GSK3b. The expression
suppression of GSK3b by metformin relieved its inhibit-
ing effect on the cell autophagy and Wnt signaling path-
way ultimately promoted the recovery of osteogenic
differentiation ability of ASCs. In our next stage, we will
continue to in-depth study about the molecular mecha-
nisms of metformin and GSK3b regulating the osteogenic
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differentiation of ASCs in the diabetic microenvironment
and provide more experimental evidence to promote the
application of metformin in bone repair and regeneration
with diabetic osteoporosis.

Conclusion

Current results demonstrated that the expression of auto-
phagy and the Wnt signaling pathway was significantly
inhibited under the high-glucose culture environment, re-
sulting in the damage of the osteogenic differentiation abil-
ity of ASCs. As an autophagy agonist, metformin resisted
the negative effects of high glucose and restored the activity
of autophagy and the Wnt signaling pathway, playing a
positive role in the osteogenic differentiation process of ASCs.
This study elaborated a mechanism of metformin reducing
the inhibitory effect of high glucose on the osteogenic dif-
ferentiation of ASCs by activating cellular autophagy and
the Wnt signaling pathway, which provided a possibility for
the application of metformin in transplantation of ASCs for
bone repair under diabetes osteoporosis conditions.
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Downregulation of DNA 
methyltransferase-3a ameliorates 
the osteogenic differentiation ability 
of adipose-derived stem cells in diabetic 
osteoporosis via Wnt/β-catenin signaling 
pathway
Maorui Zhang1,2†, Yujin Gao1,3†, Qing Li4, Huayue Cao1, Jianghua Yang4, Xiaoxiao Cai2* and Jingang Xiao1,3,4*   

Abstract 

Background: Diabetes-related osteoporosis (DOP) is a chronic disease caused by the high glucose environment 

that induces a metabolic disorder of osteocytes and osteoblast-associated mesenchymal stem cells. The processes 

of bone defect repair and regeneration become extremely difficult with DOP. Adipose-derived stem cells (ASCs), as 

seed cells in bone tissue engineering technology, provide a promising therapeutic approach for bone regeneration in 

DOP patients. The osteogenic ability of ASCs is lower in a DOP model than that of control ASCs. DNA methylation, as a 

mechanism of epigenetic regulation, may be involved in DNA methylation of various genes, thereby participating in 

biological behaviors of various cells. Emerging evidence suggests that increased DNA methylation levels are associ-

ated with activation of Wnt/β-catenin signaling pathway. The purpose of this study was to investigate the influence of 

the diabetic environment on the osteogenic potential of ASCs, to explore the role of DNA methylation on osteogenic 

differentiation of DOP-ASCs via Wnt/β-catenin signaling pathway, and to improve the osteogenic differentiation abil-

ity of ASCs with DOP.

Methods: DOP-ASCs and control ASCs were isolated from DOP C57BL/6 and control mice, respectively. The multi-

potency of DOP-ASCs was confirmed by Alizarin Red-S, Oil Red-O, and Alcian blue staining. Real-time polymerase 

chain reaction (RT-PCR), immunofluorescence, and western blotting were used to analyze changes in markers of 

osteogenic differentiation, DNA methylation, and Wnt/β-catenin signaling. Alizarin Red-S staining was also used to 

confirm changes in the osteogenic ability. DNMT small interfering RNA (siRNA), shRNA-Dnmt3a, and LVRNA-Dnmt3a 

were used to assess the role of Dnmt3a in osteogenic differentiation of control ASCs and DOP-ASCs. Micro-computed 
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Background

Diabetic osteoporosis (DOP) is a systemic metabolic 

bone disease that involves bone mass reduction, destruc-

tion of the bone tissue microstructure, and prone frac-

tures [1, 2]. The high glucose environment and metabolic 

disorders caused by diabetes disrupt physiological activi-

ties such as cell growth, proliferation, and differentia-

tion [3]. Glucose metabolism disorders break the balance 

between osteogenesis and osteoclast processes, which 

reduces the numbers of osteoblasts and mesenchymal 

stem cells (MSCs), and activation of osteoclasts [4, 5]. 

The imbalance of bone metabolism also reduces the bone 

differentiation ability and makes it difficult to repair bone 

tissue and regenerate bone [6].

In recent years, bone tissue engineering technology 

has provided a new approach for regeneration of bone 

defects. Adult stem cells are a major element of bone 

regeneration and have become a major research topic 

[7–9]. Adipose-derived mesenchymal stem cells (ASCs), 

as a type of MSC, have a multi-directional differentia-

tion potential for osteogenic, cartilage, and adipose cell 

lineages [10–12]. They are widely used in studies of 

bone defect repair and regeneration, and have positive 

application prospects. However, the proliferation and 

differentiation of ASCs may be affected in the diabetic 

environment. Therefore, it is worth exploring whether 

DOP-ASCs have a normal osteogenic differentiation 

ability.

DNA methylation is a mechanism of epigenetic regu-

lation. It is generally believed that the hypermethyla-

tion status of DNA sequences is related to inhibition 

of gene expression [13, 14]. There are three kinds of 

DNA methyltransferases (DNMTs) in animals, namely 

DNMT1, DNMT3a, and DNMT3b [15–17]. Studies 

have shown that DNMT3a is essential for establishment 

of mammalian DNA methylation during development 

[18, 19]. Scholars believe that the increased expression 

of DNMT3a regulates the increased DNA methylation 

level [19, 20]. Under catalysis mediated by DNMTs, the 

cytosines of two nucleotides of CG in DNA are selec-

tively conjugated with methyl groups to form 5-methyl-

cytosine (5-MC). The occurrence of various skeletal 

diseases, which include osteoporosis and osteoarthritis, 

is closely related to impaired DNA methylation in stem 

cells [10, 13, 21].

The canonical Wnt pathway is activated when β-catenin 

transfers to the nucleus and binds to TCF/LEF in the 

nucleus to regulate target genes [22]. β-catenin and LEF1 

may reflect the status of Wnt/β-catenin pathway [23, 24]. 

Emerging evidence indicates that increased DNA meth-

ylation levels are associated with activation of Wnt/β-

catenin pathway [25–28]. Liu T et al. [26] reported that 

miR708-5p inhibits the expression of Dnmt3a, resulting 

in the reduced global DNA methylation and, preventing 

β-catenin nuclear transport, thereby inhibiting Wnt/β-

catenin signaling pathway. Exploring the role of DNA 

methylation in osteogenic differentiation of DOP-ASCs 

via Wnt/β-catenin signaling is not only conducive to elu-

cidate the mechanism of DOP, but also to develop bone 

tissue engineering.

In our previous study, we found that advanced glyca-

tion end products inhibit the osteogenic differentiation 

ability of normal ASCs with a high level of DNA methyla-

tion [5]. This suggested that DNA methylation is a cause 

of the decline in the osteogenic differentiation ability of 

DOP-ASCs in the diabetic environment. In this study, 

we isolated ASCs from control and DOP C57BL/6 mice 

and compared their osteogenic differentiation potentials. 

Moreover, we investigated whether DNA methylation 

inhibits the osteogenic differentiation potential of DOP-

ASCs by modulating Wnt/β-catenin signaling pathways.

Methods

Isolation and culture of ASCs and DOP-ASCs

All procedures that involved animals were reviewed 

and approved by the Southwest Medical University 

tomography, hematoxylin and eosin staining, and Masson staining were used to analyze changes in the osteogenic 

capability while downregulating Dnmt3a with lentivirus in DOP mice in vivo.

Results: The proliferative ability of DOP-ASCs was lower than that of control ASCs. DOP-ASCs showed a decrease in 

osteogenic differentiation capacity, lower Wnt/β-catenin signaling pathway activity, and a higher level of Dnmt3a 

than control ASCs. When Dnmt3a was downregulated by siRNA and shRNA, osteogenic-related factors Runt-related 

transcription factor 2 and osteopontin, and activity of Wnt/β-catenin signaling pathway were increased, which res-

cued the poor osteogenic potential of DOP-ASCs. When Dnmt3a was upregulated by LVRNA-Dnmt3a, the osteogenic 

ability was inhibited. The same results were obtained in vivo.

Conclusions: Dnmt3a silencing rescues the negative effects of DOP on ASCs and provides a possible approach for 

bone tissue regeneration in patients with diabetic osteoporosis.

Keywords: DNA methyltransferase-3a, Diabetic osteoporosis, Adipose-derived stem cells, Osteogenic differentiation, 

Wnt/β-catenin signaling pathway
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Ethical Committee. Anesthesia and animal care were 

implemented by following the guidelines for the Care 

and Use of Laboratory Animals (Ministry of Science 

and Technology of China, 2006). Adipose tissue in the 

inguinal region was collected from C57BL/6 DOP and 

control mice under sterile conditions. The adipose tis-

sue was cut finely and fragments were seeded in 25-cm2 

culture flasks (Corning Inc., NY) and cultured in alpha-

modified Eagle’s medium (α-MEM, Hyclone, USA) sup-

plemented with 10% fetal bovine serum (FBS, Hyclone) 

and 1% penicillin/streptomycin (Hyclone) at 37  °C 

with 5%  CO2. The medium was changed every 3  days. 

Adherent cells were cultured and non-adherent cells 

were removed.

DOP-ASCs were passaged three times to obtain rela-

tively pure ASCs. Osteogenic, adipogenic, and cartilage 

media (Cyagen, USA) were used to define the multipo-

tential differentiation capacity of DOP-ASCs. DOP-ASCs 

(5 ×  104 cells) were seeded in a 6-well plate for osteogenic 

induction. DOP-ASCs (1 ×  105 cells) were also seeded for 

adipogenic induction. All cells were cultured for 21 days. 

Then, the cells were washed three times with PBS and 

fixed with 4% paraformaldehyde for 1  h. Alizarin Red-S 

(osteogenic dye) and 0.3% Oil Red-O (adipogenic dye) 

were used to stain mineralized nodules and lipid droplets, 

respectively, for 30  min. The stained cells were imaged 

under an inverted phase contrast microscope (Nikon, 

Japan). For cartilage induction, DOP-ASCs (2.5 ×  105 

cells) were centrifuged and cell aggregates were cultured 

in cartilage medium. After 21  days, the cell aggregates 

were washed three times with PBS and fixed with 4% par-

aformaldehyde. The cartilage pellets were imaged under 

a stereo fluorescence microscope (Carl Zeiss Microscopy, 

Germany). Then, they were embedded in paraffin and 

sections were stained with Alcian blue. Cartilage matrix 

was imaged under an optical microscope (Nikon).

Proliferation assay

A Cell Counting Kit-8 (CCK-8) assay (Sigma-Aldrich, St 

Louis, Missouri, USA) and xCelligence system for real-

time cellular analysis (RTCA) (Roche Diagnostics GmbH, 

Basel, Switzerland) were used to assess cell proliferation. 

For the CCK-8 assay, cells were seeded in 96-well plates 

(Corning Inc.) at a density of 3 ×  103 cells per well and 

cultured in α-MEM with 10% FBS for 5  days. A BioTek 

ELX800 (Bio-Tek, USA) was used to measure absorb-

ance at 450 nm. For RTCA, cells were seeded in 96-well 

E-plates (Roche Diagnostics GmbH) at 3 ×  103 cells per 

well. Cell proliferation in the RTCA SP xCelligence sys-

tem was monitored in real-time as the impedance value 

over 5 days. Data were analyzed by the provided RTCA 

software.

Alizarin red-S staining

Mineralized nodule formation in ASCs was stained by 

Alizarin Red-S (Cyagen). DOP-ASCs and control ASCs 

(5 ×  104 cells) in 6-well plates were treated with osteo-

genic medium for 21 days. Cells were then washed with 

PBS three times, fixed in 4% paraformaldehyde for 1  h, 

and stained with Alizarin Red-S for 30 min.

Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted using a Total mRNA Extraction 

Kit (Takara Bio, Japan). cDNA was synthesized by reverse 

transcription using a Prime Script Reverse Transcrip-

tion Reagent Kit (Takara Bio). Then, RT-PCR was con-

ducted to measure the gene expression of Runt-related 

transcription factor 2 (Runx2), osteopontin (Opn), DNA 

methyltransferase 1/3a/3b (Dnmt1/3a/3b), β-catenin, 

and lymphoid enhancer-binding factor-1 (Lef1). Primer 

sequences are shown in Table 1. Samples were analyzed 

using a SYBR Premix ExTaq kit (Takara Bio), following 

the standard procedure, in an ABI 7900 system (Applied 

Biosystems, USA), which included melting curve analysis 

and obtaining CT values. The results were normalized to 

Gapdh CT values and the  2−ΔΔCt method was used to cal-

culate gene expression.

Western blot assay

A Total Protein Extraction Kit (Keygen Biotech, China) 

was used to extract total cellular proteins. A bicin-

choninic acid protein assay kit (Thermo Fisher Scientific, 

MA, USA) was used to measure the protein concentra-

tion. Proteins were separated by 10% (v/v) sodium dode-

cyl sulfate–polyacrylamide gel electrophoresis and then 

Table 1 Primer sequences for RT-PCR

Genes Sequence (5′ → 3′)

Gapdh Forward GGT GAA GGT CGG TGT GAA CG

Reverse CTC GCT CCT GGA AGA TGG TG

Runx2 Forward CCG AAC TGG TCC GCA CCG AC

Reverse CTT GAA GGC CAC GGG CAG GG

Opn Forward GGA TTC TGT GGA CTC GGA TG

Reverse CGA CTG TAG GGA CGA TTG GA

Dnmt1 Forward CCG AAC TGG TCC GCA CCG AC

Reverse CTT GAA GGC CAC GGG CAG GG

Dnmt3a Forward GAG GGA ACT GAG ACC CCA C

Reverse CTG GAA GGT GAG TCT TGG CA

Dnmt3b Forward AGC GGG TAT GAG GAG TGC AT

Reverse GGG AGC ATC CTT CGT GTC TG

β-Catenin Forward AAG TTC TTG GCT ATT ACG ACA 

Reverse ACA GCA CCT TCA GCA CTC T

Lef1 Forward ACA GAT CAC CCC ACC TTC TTG 

Reverse TGA TGG GAA AAC CTG GAC AT
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transferred onto a polyvinylidene difluoride membrane 

at 200 mA for 1 h. Tris-buffered saline with 0.05% (v/v) 

Tween-20 (TBST) was used to dissolve dry skimmed 

milk (Keygen Biotech). PVDF membranes were blocked 

with 5% dry skimmed milk for 1  h and then incubated 

with antibodies against GAPDH (ab181602), DNMT3a 

(ab188470), DNMT3b (ab79822), and OPN (ab91655) 

(Abcam, UK), RUNX2 (12556  s), DNMT1 (5032S), 

β-catenin (D10A8), or LEF1 (2230p) (Cell Signaling Tech-

nology, USA) for 1 day at 4 °C. Then, PVDF membranes 

were washed three times with TBST and incubated with 

a goat anti-rabbit secondary antibody (Beyotime, Shang-

hai, China) for 1  h. They were then washed again with 

TBST and developed with an enhanced chemilumines-

cence detection system (Bio-Rad, USA).

Immunofluorescence staining

Cells were seeded on round coverslips (Corning Inc.) 

and cultured for 4  days. After various treatments, the 

cells were carefully washed three times with PBS, fixed 

with 4% paraformaldehyde for 1  h, and permeabilized 

with 0.5% Triton X-100 for 10  min. Then, they were 

blocked with 5% goat serum (Beyotime) for 1 h and incu-

bated for 1 day at 4  °C with antibodies against RUNX2, 

OPN, DNMT1, DNMT3a, DNMT3b, 5-MC (28692S), 

β-catenin, or LEF1. The next day, the samples were incu-

bated with a fluorescent dye-conjugated secondary anti-

body (Beyotime) for 1 h. Nuclei were counterstained with 

4ʹ6-diamidino-2-phenylindole (Beyotime) for 10 min and 

phalloidin (Beyotime) was used to stain microfilaments 

for 10  min. Cells were imaged under a laser scanning 

confocal microscope (Olympus, Japan).

Transfection of small interfering RNA (siRNA)

Small interfering RNA (siRNA) that targeted Dnmt1, 

Dnmt3a, and Dnmt3b was designed and provided 

by GenePharma Co., Ltd (Shanghai, China). siRNA 

sequences are shown in Table  2. DOP-ASCs (5 ×  104 

cells) were seeded in a 12-well plate before siRNA trans-

fection. The transfection reagent (Lipofectamine 2000; 

Thermo Fisher Scientific) was diluted with Opti-MEM 

I Reduced Serum Medium (Hyclone) and incubated at 

room temperature for 5  min. The siRNA was added to 

the diluted Lipofectamine 2000 and gently mixed to form 

the siRNA-lipofectamine-Opti-MEM complex. Then, the 

mixture was added to cells at 1 ml per well and incubated 

at 37 °C with 5%  CO2.

Transduction of shRNA-Dnmt3a and LVRNA-Dnmt3a
The Dnmt3a overexpression lentiviral vector (pLenti-

EF1a-EGFP-P2A-Puro-CMV-Dnmt3a-3Flag) and 

Dnmt3a-silencing lentiviral vector (pLDK-CMV-EGFP-

2A-Puro-U6-shRNADnmt3a) were designed and manu-

factured by OBiO Technology Corp., Ltd. (Shanghai, 

China). The oligonucleotide sequences of shRNA with 

Dnmt3a RNA interference targets are shown in Table 3. 

Various virus concentrations were used to determine 

the multiplicity of infection (MOI). The transduction 

efficiency was evaluated by analyzing the percentage of 

green fluorescent protein (GFP)-positive cells under a 

fluorescence microscope. ASCs at a density of 5 ×  104/

ml were seeded in a 6-well plate at 2 ml per well. After 

12 h of culture, the medium was replaced with a lentivi-

rus suspension medium (MOI:80; 0.6 μg/ml puromycin; 

5  μg/ml polybrene). The gene and protein expression 

were analyzed by RT-PCR and western blotting, respec-

tively, after 4  days of osteogenic induction and their 

osteogenic ability was assessed by Alizarin Red-S staining 

after induction for 21 days.

Analysis of DOP-ASCs seeded on BCP by scanning electron 

microscopy (SEM)

Before seeding DOP-ASCs, scaffolds sterilized by ultra-

violet light were placed in 12-well plates. Then, 1  ml of 

Table 2 siRNA sequences for gene silencing

siRNA Sequence (5′ → 3′)

Dnmt1 Sense CCG AAG AUC AAC UCA CCA ATT 

Antisense UUG GUG AGU UGA UCU UCG GTT 

Dnmt3a Sense CCA UGU ACC GCA AAG CCA UTT 

Antisense AUG GCU UUG CGG UAC AUG GTT 

Dnmt3b Sense CCU CAA GAC AAA UAG CUA UTT 

Antisense AUA GCU AUU UGU CUU GAG GTT 

Negative control Sense UUC UUC GAA CGU GUC ACG UTT 

Antisense ACG UGA CAC GUU CGG AGA ATT 

Table 3 Dnmt3a shRNA sequences

5′ STEM Loop STEM 3′

sh-Dnmt3a-F Ccgg CCA CCA GGT CAA ACT CTA T TTC AAG AGA ATA GAG TTT GAC CTG GTG G TTT TTT g

sh-Dnmt3a-R aattcaaaaaa CCA CCA GGT CAA ACT CTA T TCT CTT GAA ATA GAG TTT GAC CTG GTG G

sh-NC-F CCGG TTC TCC GAA CGT GTC ACG T TTC AAG AGA ACG TGA CAC GTT CGG AGA A TTT TTT G

sh-NC-R AAT TCA AAAAA TTC TCC GAA CGT GTC ACG T TCT CTT GAA ACG TGA CAC GTT CGG AGA A
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passage 2 DOP-ASCs at a density of 5 ×  104/ml was 

seeded on the surface of BCP in each well. After culture 

at 37 °C with 5%  CO2 for 3 days, samples were fixed with 

paraformaldehyde. After alcohol gradient dehydration, 

critical point drying, and spraying the cells with gold, 

scaffolds were observed by SEM.

Implantation of BCP seeded with DOP-ASCs transduced 

with shRNA into a DOP mouse model with critically sized 

calvarial defects

DOP-ASCs were divided into DOP-blank, negative con-

trol, and Dnmt3a shRNA groups. DOP-ASCs infected 

with the silence-Dnmt3a lentivirus were cultured in 

osteogenic induction medium. A1-ml cell suspension 

(5 ×  104 cells/ml) was added to the surface of BCP in 

a 12-well plate and cultured for 48  h. Nine DOP mice 

received calvarial surgery to establish critically sized cal-

varial defect models. After anaesthetization, the DOP 

mice were subjected to prone fixation, skin preparation, 

and disinfection at the top of the skull. An incision was 

made along the median of the calvarium and the perios-

teum was bluntly separated to expose the calvarial bone 

surface. Then, a 4-mm diameter trephine bur was applied 

to drill a standardized round defect on the side of the 

sagittal suture. A 0.9% saline solution was used to irrigate 

the skull surface during drilling. Subsequently, the BCP 

seeded with DOP-ASCs was implanted into the skull 

defect area and the periosteum and dermis were sutured 

in position. After 8  weeks, mice were euthanized and 

skull specimens were obtained.

Micro-computed tomography (Micro-CT), hematoxylin 

and eosin staining (HE) staining, and Masson staining

At 8 weeks, the calvarium was removed intact and fixed 

in freshly prepared 4% formaldehyde for 24  h at 4  °C. 

Micro-CT scans of skull defects were performed to 

observe new bone formation. Then, three-dimensional 

reconstructed images were analyzed. The ratio of the 

bone volume to total volume available in the scaffold 

(BV/TV) was calculated. A high ratio indicated that more 

bone had grown into the scaffolds. Then, tissue samples 

of the mouse skull defect were decalcified for HE and 

Masson staining. Next, the samples were dehydrated in 

an alcohol gradient, clarified, and embedded in paraf-

fin for sectioning. Lastly, the sections were stained with 

hematoxylin and eosin and Masson trichrome.

Statistical analysis

All experiments were repeated at least three times inde-

pendently. Two group comparisons were made by the 

independent-samples t-test and multiple comparisons 

were made by one-way ANOVA with SPSS 18.0 software 

(SPSS Inc., Chicago, USA). P < 0.05 was regarded to be 

statistically significant.

Results

Cell proliferation and multipotent differentiation 

of DOP-ASCs

ASCs from inguinal adipose tissue were isolated and pas-

saged three times (Fig. 1A). RTCA (Fig. 1B) and CCK-8 

assays (Fig. 1D) showed that the proliferation rate of the 

DOP group was relatively lower than that of the control 

group. After culture in osteogenic and adipogenic media, 

the morphology of DOP-ASCs had distinctly changed to 

osteogenic-like in osteogenic medium and adipose-like in 

adipogenic medium (Fig. 1C). In cartilage medium, ASCs 

were aggregated to culture for 21 days and then stained 

with Alcian blue to indicate cartilage-like cells. The 

findings demonstrated the multipotency of DOP-ASCs 

(Fig. 1C).

Osteogenic differentiation capacity decreases in DOP-ASCs

To investigate the osteogenic differentiation capacity, we 

cultured control ASCs and DOP-ASCs to analyze min-

eralized nodule formation as well as gene and protein 

expression of OPN and RUNX2. Alizarin Red-S staining 

showed that the degree of mineralized nodule forma-

tion was reduced in DOP-ASCs compared with control 

ASCs (Fig. 2A). RT-PCR showed that the mRNA levels of 

Runx2 and Opn in DOP-ASCs were significantly lower 

than those in control ASCs at 3 and 7  days (Fig.  2B). 

The protein levels of OPN and RUNX2 were analyzed 

by immunofluorescence and western blotting, which 

showed that the fluorescence signals (Fig. 2C) and band 

intensities (Fig. 2D) at 4 days in DOP-ASCs were weaker 

compared with those in control ASCs.

DNA methylation increases in DOP-ASCs

DNMT1, DNMT3a, and DNMT3b are major enzymes 

in DNA methylation and 5-MC is the product of this 

process. We analyzed the expression of these factors 

by RT-PCR, western blotting, and immunofluores-

cence. The expression of Dnmt1, Dnmt3a, and Dnmt3b 

in DOP-ASCs increased compared with that in control 

ASCs (Fig.  3A, B). Immunofluorescence confirmed the 

increases in 5-MC, DNMT1, DNMT3a, and DNMT3b at 

4 days (Fig. 3C–F).

Wnt/β-Catenin signaling pathway is suppressed 

in DOP-ASCs

The Wnt/β-Catenin signaling pathway is a major regu-

latory pathway in the process of osteogenic differentia-

tion [29, 30]. Therefore, the main factors, which included 

β-catenin and Lef1, were detected to demonstrate the 

activation level of Wnt/β-Catenin signaling pathway. 
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RT-PCR showed that the expression of β-catenin and 

Lef1 decreased in DOP-ASCs compared with that in 

CON-ASCs, and the results of western blotting were 

consistent with those of RT-PCR (Fig. 4A, B). Immuno-

fluorescence confirmed that the expression of β-catenin 

and LEF1 was low in DOP-ASCs (Fig. 4C, D).

Inhibiting DNA methyltransferases rescues loss 

of the osteogenic potential in DOP-ASCs

The results showed that the reduced osteogenic differ-

entiation capacity of DOP-ASCs was related to increases 

in DNA methylation levels and suppression of Wnt/β-

Catenin signaling pathway. Next, we used siRNA to 

inhibit the expression of DNA methylation enzymes and 

explored the relationship between DNA methylation and 

the osteogenic differentiation ability of DOP-ASCs. After 

siRNA treatment, the formation of mineralized nodules 

was increased when the DNA methylation level was 

downregulated (Fig.  5A). RT-PCR and western blotting 

showed that RUNX2 was increased in Dnmt1-siRNA, 

Dnmt3a-siRNA, and Dnmt3b-siRNA groups, and OPN 

was particularly increased in the Dnmt3a-siRNA group 

(Fig.  5B, C). In terms of Wnt/β-Catenin signaling path-

way, β-catenin and LEF1 were upregulated after siRNA 

treatment and their expression was the highest in the 

Dnmt3a-siRNA group compared with the other groups 

(Fig. 5D, E). These data suggested that downregulation of 

Dnmt3a inhibited osteogenic differentiation and activity 

of Wnt/β-Catenin signaling pathway.

Knockdown of Dnmt3a promotes osteogenic 

differentiation of DOP-ASCs

To further demonstrate the effect of Dnmt3a on osteo-

genic differentiation of DOP-ASCs, we used lentiviruses 

to knockdown or overexpress Dnmt3a in DOP-ASCs. 

The cells were successfully infected by the lentiviruses 

and showed green fluorescence at an MOI of 80 (Fig. 6A). 

RT-PCR and western blotting showed that Dnmt3a 

was successfully knocked down by Dnmt3a shRNA and 

overexpressed by Dnmt3a LVRNA. 3-Flag was a marker 

of positive overexpression (Fig.  6B, D). Immunofluo-

rescence confirmed the differences in expression of 

Fig. 1 Cell proliferation and multipotent differentiation of ASCs. A: Normal morphology of primary, first, and second passages of control ASCs and 

DOP-ASCs under light microscopy. B, D: RTCA and CCK-8 assays showed that the proliferation rate of the DOP group was lower than that of the 

control group. C: Multipotent differentiation of DOP-ASCs into osteogenic cell-like, adipose-like, and cartilage-like cells
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DNMT3a among the DOP-blank group, Negative Con-

trol, Dnmt3a shRNA and Dnmt3a LVRNA. (Fig. 6C).

Next, we found that the formation of mineralized 

nodules was the highest in the Dnmt3a shRNA group 

and the lowest in the Dnmt3a LVRNA group (Fig. 7A). 

Expression of Opn and Runx2 was upregulated in the 

Dnmt3a shRNA group compared with the other three 

groups and the results of western blot assays were con-

sistent with those of RT-PCR (Fig. 7B–D). Detection of 

osteogenic differentiation by Alizarin Red-S staining, 

RT-PCR, and western blotting showed that knockdown 

of Dnmt3a rescued the osteogenic differentiation 

capacity of DOP-ASCs. Although Dnmt3a LVRNA 

treatment decreased the expression of β-catenin and 

Lef1 compared with DOP-ASC and negative control 

groups, the expression of these factors was recovered 

by Dnmt3a shRNA treatment. This suggested that the 

low activity of the Wnt signaling pathway in DOP-ASCs 

was recovered by knocking down Dnmt3a (Fig. 7E–G). 

Taken together, these results suggested that knock-

down of Dnmt3a decreased the DNA methylation 

level, alleviated inhibition of Wnt by DNA methylation, 

Fig. 2 Decrease of the osteogenic differentiation capacity in DOP-ASCs. A: Alizarin Red-S staining of control ASCs and DOP-ASCs. B: mRNA levels of 

osteogenesis-related molecules Runx2 and Opn after 3 and 7 days of osteoinduction. C: Immunofluorescence staining of RUX2 and OPN proteins in 

control ASCs and DOP-ASCs after 4 days of osteoinduction. D: Protein levels of osteogenesis-related molecules RUNX2 and OPN after 3 and 7 days 

of osteoinduction. Data represent the mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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and rescued the loss of the osteogenic capacity of 

DOP-ASCs.

Downregulation of Dnmt3a promotes the osteogenic 

capacity of DOP-ASCs in vivo

RT-PCR and western blotting showed that Dnmt3a was 

successfully knocked down by Dnmt3a shRNA (Fig. 8A, 

B). SEM and fluorescence microscopy showed that DOP-

ASCs grew adherently on the surface and pores of BCP 

(Fig.  8C). The DOP mouse model with critically sized 

calvarial defects was successfully established and BCP 

seeded with transfected DOP-ASCs were implanted into 

the defect area (Fig.  8D). Eight weeks later, Micro-CT 

showed new bone matrix on BCP at sagittal and coronal 

levels. Three-dimensional reconstruction showed that 

the amount of new bone matrix in the Dnmt3a shRNA 

group was significantly larger than that in DOP-ASC and 

negative control groups.BV/TV, BS/BV, and TbTh analy-

ses further demonstrated that the osteogenic capacity 

was greatly increased when Dnmt3a was downregulated 

by shRNA in  vivo (Fig.  9A, B). HE and Masson stain-

ing were also used to observe the osteogenic capacity of 

DOP-ASCs in vivo. HE staining showed new bone matrix 

as red and Masson staining showed new bone matrix as 

Fig. 3 Increase of the DNA methylation level in DOP-ASCs. A, B: RT-PCR and western blot analyses showing that the expression of Dnmt1, Dnmt3a, 

and Dnmt3b in DOP-ASCs was increased compared with that in control ASCs. C, D: Immunofluorescence showing increases in 5-MC, DNMT1, 

DNMT3a, and DNMT3b after 4 days of osteoinduction. Data represent the mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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blue. Both staining showed that the staining degree in the 

Dnmt3a shRNA group was stronger than that in DOP-

ASC and negative control groups (Fig. 9C). These results 

suggested that knockdown of Dnmt3a rescued the loss of 

the osteogenic capacity of DOP-ASCs.

Discussion

Many studies have shown that hyperglycemia and the 

glycolytic metabolites of diabetes decrease cell viabil-

ity and proliferation, and even promote apoptosis of 

MSCs, which impairs osteogenic differentiation [29–33]. 

Heilmeier et al. found that serum miR-550a-5p inhibited 

the osteogenic differentiation of ASCs in postmenopausal 

women with type 2 diabetes [34]. Liu et al. reported that 

osteogenic differentiation of hPDLSCs was significantly 

inhibited in a high glucose environment and the levels of 

osteoblast-related factors expressed by cells were reduced 

significantly [35]. In this study, DOP-ASCs were isolated 

from DOP mice by the tissue block method, which had 

osteogenic, adipogenic, and chondrogenic differentiation 

abilities. However, the expression of osteogenic-related 

genes Runx2 and Opn was downregulated in DOP-ASCs 

compared with control ASCs, which demonstrated inhi-

bition of the differentiation process of DOP-ASCs to 

osteoblasts.

The differentiation of MSCs into osteogenic progenitor 

cells is regulated by various growth factors and signaling 

pathways [36, 37]. The Wnt/β-Catenin signaling path-

way plays a major role in regulating the proliferation and 

differentiation of MSCs. Activation of Wnt/β-Catenin 

signaling pathway promotes osteogenic differentiation 

of ASCs [38, 39]. Moldes et  al. reported that β-catenin 

expression was higher in 3T3-L1 precursor adipocytes 

and the expression level of β-catenin was significantly 

reduced during adipogenesis [40]. In our previous stud-

ies, after activation of Wnt/β-Catenin signaling pathway, 

the expression of Wnt-related signaling molecules, such 

as β-catenin and LEF1, was upregulated in normal ASCs, 

which promoted the expression of osteogenic differ-

entiation factors such as Opn and Runx2 [5, 41]. In this 

Fig. 4 Wnt/β-Catenin signaling pathway is suppressed in DOP-ASCs. A, B: RT-PCR and western blot analyses showing that the expression of 

β-catenin and LEF1 was decreased compared with that in CON-ASCs. C, D: Immunofluorescence staining of β-catenin and LEF1. Data represent the 

mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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Fig. 5 Dnmt siRNAs increase the osteogenic potential of DOP-ASCs. A: Alizarin Red-S staining showing that the formation of mineralized nodules 

in Dnmt3a shRNA was increased compared with that in Negative Control after Dnmt siRNA treatment of DOP-ASCs (osteoinduction for 21 days). 

B–E: mRNA and protein levels of Wnt/β-Catenin signaling pathway markers and osteogenesis-related molecules were upregulated after Dnmt 
siRNA transfection into DOP-ASCs (osteoinduction for 4 days). Data represent the mean ± SD of at least three independent experiments, *P < 0.05, 

**P < 0.01
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study, we compared DOP-ASCs and control ASCs and 

demonstrated that osteogenic differentiation and Wnt/β-

Catenin signaling pathway were suppressed in ASCs of 

DOP mice.

The high glucose environment caused by diabetes 

increases DNA methylation in cells, which affects their 

differentiation processes [42, 43]. Many studies have sug-

gested that DNA methylation is involved in the osteo-

genic differentiation of stem cells [44–48]. Wang et  al. 

reported that KDM6A promoted chondrogenic differ-

entiation of periodontal ligament stem cells by dem-

ethylation of SOX9 [49]. Zhang et  al. reported that a 

demethylated Runx2 gene in bone marrow mesenchymal 

stem cells promoted their differentiation into osteoblasts 

[47]. These studies showed that, during the process of 

osteogenic differentiation of ASCs, the DNA methylation 

levels of osteogenesis-specific genes Dlx5 and Runx2, 

and the CpG island region of the Osterix promoter were 

downregulated significantly, and the expression of these 

genes was upregulated. Seman et al. found that the DNA 

methylation level of the promoter region of the SLC30A8 

gene in a diabetic population was higher than that in 

non-diabetic patients, which suggested that high DNA 

methylation of the SLC30A8 gene affects the occurrence 

of diabetes [50]. We observed that the DNA methyla-

tion levels and expression of DNMT genes in DOP-ASCs 

were upregulated significantly. After decreasing DNMTs 

by siRNA, we found that the expression of osteogenic 

differentiation factors RUNX2 and OPN was relatively 

increased, which indicated that DNA methylation had a 

close relationship with the osteogenic differentiation pro-

cess of ASCs.

DNA methylation at specific sites is catalyzed by 

DNMTs, which might play various roles in cell differen-

tiation. Dnmt3a, as the main methyltransferase in embry-

onic development and differentiation, is mainly located 

in the chromatin region and is highly expressed in 

oocytes, spermatogonia, and stem cells [51, 52]. Mark A. 

Casillas Jr NL et al. found that the expression of Dnmt3a 

was highly abundant in oocytes, but gradually decreased 

during maturation [53]. They observed that the overall 

methylation level of genomic DNA in senescent cells was 

reduced, which corresponded to the decrease in expres-

sion of Dnmt1, while some genes were hypermethyl-

ated with high expression of Dnmt3a and Dnmt3b [53]. 

Disturbances in epigenetic regulation may be a factor 

that contributes to diseases [54, 55]. In our study, RNA 

interference was used to silence the expression of Dnmt1, 

Dnmt3a, and Dnmt3b. Silencing of Dnmt3a promoted 

the expression of bone-related genes and Wnt/β-Catenin 

signaling pathway-related genes were induced, thereby 

promoting the osteogenic differentiation of DOP-ASCs. 

Overexpression of Dnmt3a by lentivirus infection con-

firmed that Dnmt3a significantly inhibited the expression 

of osteogenic-related genes and Wnt/β-Catenin signaling 

pathway in DOP-ASCs and the osteogenic differentia-

tion ability of DOP-ASCs was restored after inhibition of 

Dnmt3a.

Fig. 6 Dnmt3a shRNA and Dnmt3a LVRNA were successfully transduced into DOP-ASCs. A: Cells were successfully infected with lentiviruses and 

exhibited green fluorescence at an MOI of 80. B, D: mRNA levels of Dnmt3a and protein levels of 3-Flag showed that Dnmt3a was knocked down by 

Dnmt3a shRNA and overexpressed by Dnmt3a LVRNA. C: Immunofluorescence staining of Dnmt3a. Data represent the mean ± SD of at least three 

independent experiments, *P < 0.05, **P < 0.01
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We also confirmed the osteogenic effects of Dnmt3a 

in DOP mice in vivo. BCP is considered to be a bioma-

terial with high porosity and penetration, which creates 

a favorable microenvironment for bone regeneration 

[56, 57]. Tang et  al. implanted various BCP scaffolds 

into a critically sized bone defect model in OVX rats 

and applied Micro-CT to analyze new bone formation 

[58–60]. In our study, we seeded DOP-ASCs on BCP 

and implanted the scaffold into a mouse critically sized 

skull defect to assess the osteogenic capacity in  vivo. 

Three-dimensional reconstruction of Micro-CT images 

showed that new bone formation in the Dnmt3a shRNA 

group had obviously increased compared with that in 

DOP-ASC and negative control groups. Furthermore, 

histology of the corresponding tissue samples was con-

sistent with the results of Micro-CT, i.e., the amount of 

new bone formation in the Dnmt3a shRNA group was 

more obvious than that in DOP-blank and Negative 

Control.

Fig. 7 Knockdown of Dnmt3a promotes osteogenic differentiation of DOP-ASCs. A: Alizarin Red-S staining showing that the formation of 

mineralized nodules was the highest in the Dnmt3a shRNA group and the lowest in the Dnmt3a LVRNA group (osteoinduction for 21 days). B–D: 

mRNA and protein levels of osteogenesis-related molecules were upregulated in the Dnmt3a shRNA group compared with the other three groups 

(osteoinduction for 4 days). E–G: mRNA and protein levels of Wnt signaling pathway markers were recovered by knockdown of Dnmt3a. Data 

represent the mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01
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DOP has become a severe public health problem. 

DNA methylation as a kind of stable epigenetic alter-

ation is involved in bone formation and resorption 

[61]. Epigenetic modifications play an implant role in 

cell differentiation and development [62]. Many stud-

ies have demonstrated that DNA methylation is a 

therapeutic target for bone diseases [61]. Our study 

demonstrated that a high level of Dnmt3a may impair 

the osteogenic ability of ASCs, and the osteogenic dif-

ferentiation ability of DOP-ASCs was restored after 

inhibition of Dnmt3a. Therefore, this study explains 

the decrease in the osteogenic capacity of DOP-ASCs 

from the viewpoint of epigenetics and provides a 

potential therapeutic target for the prevention and 

treatment of DOP.

Fig. 8 BCP was successfully implanted into the skull defect of mice. BCP seeded with transfected DOP-ASCs were implanted into critically 

sized calvarial defects in DOP mouse models. A, B: mRNA and protein levels of Dnmt3a were successfully knocked down by Dnmt3a shRNA 

(osteoinduction for 3 days). C: SEM and fluorescence microscopy showing that DOP-ASCs grew adherently on the surface and pores of BCP. D: The 

DOP mouse model with critically sized calvarial defects was successfully established and BCP seeded with transfected DOP-ASCs were implanted 

into the defect area
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Fig. 9 Downregulation of Dnmt3a promotes the osteogenic capacity of DOP-ASCs in vivo. A Micro-CT showed that the amount of new bone 

matrix (green) in the Dnmt3a shRNA group was significantly higher than that in DOP-ASC and negative control groups. B BV/TV, BS/BV, and TbTh 

analysis demonstrated that the osteogenic capacity was greatly increased when Dnmt3a was downregulated by shRNA in vivo. Data represent the 

mean ± SD of at least three independent experiments, *P < 0.05, **P < 0.01. C: HE and Masson staining of BCP showed that the staining degree in the 

Dnmt3a shRNA group was stronger than that in DOP-ASC and negative control groups
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Conclusions

Our study showed that Wnt/β-catenin signaling path-

way is a major player in the process of osteogenic dif-

ferentiation of DOP-ASCs and DNA methylation is an 

important factor that affects the osteogenic differen-

tiation of DOP-ASCs, which has significance for bone 

regeneration in DOP. Downregulation of Dnmt3a acti-

vated Wnt/β-catenin pathway, and promoted the oste-

ogenic differentiation of DOP-ASCs. These findings 

indicate that Dnmt3a knockdown rescues the impaired 

osteogenic ability of DOP-ASCs in vitro and in vivo, 

thereby providing a possible approach for bone regen-

eration using DOP-ASCs in DOP patients.
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