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Background: Diabetes mellitus has an adverse effect on human bones, which is a risk factor for osteoporosis. The aim of this
study was to explore the mechanism of the effects of high glucose (HG) on the osteogenic differentiation of osteoblasts.
Methods: In this study, mouse MC3T3-E1 cells were cultured in high glucose level at 30 mMwith 24.5 mMmannitol and 5.5 mM
glucose as control. Plasmid circular deoxyribonucleic acids (pcDNAs) and small interference ribonucleic acids (RNAs)were trans-
fected for functional analysis of RecQ helicase-like 4 (RECQL4) and sirtuin 1 (SIRT1). The viability, alkaline phosphatase (ALP)
activity, and OCN (provide in full) concentration was measured via methyl thiazolyl tetrazolium (MTT), colorimetric, enzyme-
linked immunosorbent assay (ELISA) assays. Mitochondrial functions were assessed by mitochondrial membrane potential
(MMP) and the levels of adenosine triphosphate (ATP), glutathione (GSH), and malondialdehyde (MDA). Quantitative reverse-
transcription polymerase chain reaction or western blot were conducted to detect the gene or protein expression. RECQL4
acetylation assay was performed and the interaction between RECQL4 and SIRT1 was detected via co-immunoprecipitation as-
say.
Results: The effects of HG on downregulating cell viability, the levels of osteogenic differentiation-related markers (ALP and
OCN), p53 phosphorylation, ATP and GSH as well as RECQL4 and apoptosis-related factors (Cytochrome C and Cleaved
caspase-3) upregulating MMP loss and MDA content were reversed following RECQL4 over expression (p < 0.01). Sirtuin 1
(SIRT1) over expression promoted the viability and the levels of ALP and OCN, while silencing RECQL4 did the opposite (p
< 0.05) and caused a reversion in HG-treated osteoblasts (p < 0.01). Additionally, silencing SIRT1 inhibited the acetylation of
RECQL4 (p < 0.01) and the interaction between SIRT1 and RECQL4.
Conclusions: HG repressed the osteogenic differentiation and downregulated MMP via SIRT1/RECQL4 axis in osteoblasts.
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Introduction

Diabetes mellitus (DM) is a metabolic disease char-
acterized by chronic hyperglycemia, as a result of insulin
defection or deficiency. The disease is not only one of the
most prevalent chronic medical conditions but also recog-
nized as a cardiovascular major risk factor, which is related
to increase on both cardiovascular morbidity and mortality
[1,2]. Accumulating evidence pointed out that the disease
has an adverse effect on human bones as well, which is as-
sociated with an increase on the risk of osteoporosis [3].
These comorbidities pose economical burden and cause a

negative impact on the life quality of patients, which ne-
cessitate ameliorative strategy [4].

Some clinical disorders of availability on substrate,
DM for instance, are responsible for the dysfunction on os-
teoblasts. Osteoblasts are cells located in the inner layer of
the periosteum and play a prodigal role in bone repair and
growth. Dysfunction of these cells results in the fragility
of skeleton and the onset of fracture [5,6]. It has been sug-
gested that HG inhibits the proliferation and osteogenic dif-
ferentiation of osteoblasts and is related to fracture and in-
crease on the apoptosis of osteoblasts [7–9].
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The aim of this study was therefore to investigate the
mechanism implicated. RecQ helicase-like 4 (RECQL4),
a member of RECQ family [10], is required for normal os-
teoblast expansion and osteosarcoma formation [11]. Addi-
tionally, RECQL4 can play a pivotal role in skeletal devel-
opment in mice [12]. Lack of the mitochondrial functions
of RECQL4 leads to aerobic glycolysis [13]. Aerobic gly-
colysis is an energy-inefficient process, that requires large
amounts of glucose. Therefore, it is speculated that the ef-
fect of RECQL4 on mitochondrial function is involved in
DM-related orthopedic diseases.

Reversible acetylation on the protein in the mitochon-
dria has been underlined as a major modulatory mechanism
to control the function of protein, and it has been revealed
that the acetylation of the non-histone protein participates
in several cellular processes associated with the physiology
and disease, like DNA (deoxyribonucleic acid) damage re-
pair and metabolism, for instance [14,15].

Meanwhile, it shouldn’t be neglected that under the
condition of HG, the succeeding oxidative stress results in
the repression on the level of sirtuin deacetylase and the in-
crease on histone acetylation [16]. Additionally, it has been
suggested that oxidative stress and possible oxidative DNA
damage cause the acetylation of RECQL4 and that sirtuin 1
(SIRT1), an NAD (+)-dependent deacetylase promoting the
osteogenic differentiation in mice, could interact with and
deacetylate RECQL4 [17–19]. Accordingly, it was hypoth-
esized that the SIRT1-mediated deacetylation of RECQL4
was implicated in the mechanism via which HG caused a
disruption in osteoblasts.

Materials and Methods

Cell Culture and Processing
Mouse osteoblast cell line MC3T3-E1 (iCell-m031,

iCell, Shanghai, China) was cultured in α-minimum essen-
tial medium (α-MEM, 12561-056, Gibco, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS,
16140-063, Gibco, Waltham,MA, USA) and 1% penicillin-
streptomycin (15070-063, Gibco) at 37 °C, 5% CO2. Then,
MC3T3-E1 cells were divided into the following groups:
Control group, Man group and HG group. Mannitol was
used as osmotic pressure control. MC3T3-E1 cells in con-
trol group were treated with 5.5 mM D-Glucose (G116303,
Aladdin, Shanghai, China), and cells in mannitol (Man)
group were treated with 24.5 mM mannitol (M108829, Al-
addin, Shanghai, China) and 5.5 mM D-glucose. In addi-
tion, cells in HG group were respectively treated with 15,
30, and 50 mM D-Glucose.

Transfection
RECQL4 and SIRT1were successfully over expressed

using pcDNA3.1 plasmid (VT1001, YouBio, Changsha,
China) and empty pcDNA3.1 plasmid was used for nega-
tive control (NC), while the small interfering RNA (siRNA)

against RECQL4 (siRECQL4, siG170516084950-1-5, tar-
get sequence: 5′-CGCAGTCTATGCCAAAACAGAGC-
3′) and the negative control (siNC, siN0000002-1-5, target
sequence: 5′-CGCCAACAGTAAAGCGCAGCTAT-3′)
were constructed and ordered from RiboBio (Guangzhou,
China).

1× 106 cells/well MC3T3-E1 cells were cultured in a
6-well plate until became 80% confluent, and the transfec-
tion was carried out via Lipofectamine 3000 transfection
reagent (L3000-001, Invitrogen, Carlsbad, CA, USA) at 37
°C in line with the protocols provided by the manufacturer.
Two days (48 h) later, cells were harvested for later studies.

MTT Assay
MC3T3-E1 cells were grown in (ninety-six well

plates) 96-well plates at a density of 2 × 103 cells/well
at 37 °C with 5% CO2, and then treated with/without D-
glucose or mannitol for 24, 48 and 72 h. 10 µL MTT
reagent (C0009S, Beyotime, Shanghai, China) with non-
serum medium were added at 37 °C for 4 h, and the for-
mazan crystal formed was dissolved via the solvent pro-
vided with the kit. The OD value was recorded via a mi-
croplate photometer (51119180ET, Thermo Fisher Scien-
tific, Waltham, MA, USA) at an absorbance of 570 nM.

Alkaline Phosphatase (ALP) Activity
ALP activity in the osteoblasts was measured in line

with previous study [20]. At a density of 2 × 105
cells/well, MC3T3-E1 cells were cultured in 6-well plates
within osteogenic inductive medium (α-MEM with 10%
FBS, 10−8 M dexamethasone (D137736, Aladdin, Shang-
hai, China), 50 mg/L ascorbic acid (A103539, Aladdin,
Shanghai, China) and 10 mM β-glycerophosphate (G9422,
Sigma-Aldrich, St Louis, MO, USA) after required process-
ing. After incubation for 7 days, cells were scraped into 1%
Triton X-100 (T109026, Aladdin, Shanghai, China), soni-
cated and centrifugated at 12,000 ×g for 10 min. ALP ac-
tivity was determined by an ALP assay kit (ab83369, Ab-
cam, Cambridge, UK) according to the protocols provided
by the manufacturer, and the absorbance was recorded at
520 nM using a microplate photometer.

Enzyme-Linked Immunosorbent Assay (ELISA)
At a density of 1 × 105 cells/well, MC3T3-E1 cells

were cultured in 96-well plates, at 37 °C with 5% CO2 for
24 h. Then, after the collection of cell culture media, the
level of osteocalcin (OCN) was quantified using the cor-
responding ELISA kit (60-1305, Quidel, San Diego, CA,
USA). Specifically, the sample cell culture media was di-
luted as advised, following which 50 µL biotinylated anti-
body against OCNwas pipetted and incubatedwith the sam-
ple on a horizontal rotator at room temperature for 1 h. The
contents of each well were then aspirated and horseradish
peroxidase (HRP)-conjugated antibody against OCN was
introduced for an incubation on a horizontal rotator at room

https://www.biolifesas.org/


891

temperature for 1 h in the dark. The aspiration of the con-
tents was repeated and ELISA HRP substrate was added
for further incubation on a horizontal rotator at room tem-
perature for 30 min, followed by the addition of 50 µL
ELISA stop solution for a 1-min mixture. OD value at an
absorbance of 450 nM was measured by a microplate pho-
tometer.

Assessment on Mitochondrial Membrane Potential
(MMP)

MMP was assessed using JC-1 mitochondrial mem-
brane potential assay kit (C2006, Beyotime, Shanghai,
China) following a prior study [21]. MC3T3-E1 cells were
collected after required treatment, then 5 µM JC-1 stain-
ing kit were added to the cells for an incubation at 37 °C
for 30 min in the dark. Finally, cells were analyzed using
a flow cytometer (BR168323, Guava easyCyte Benchtop,
Luminex, Austin, TX, USA) and Kaluza C (version 2.1,
Beckman Coulter, Indianapolis, IN, USA).

Determination on the Levels of Adenosine
Triphosphate (ATP), Glutathione (GSH) and
Malondialdehyde (MDA)

ATP level was determined, as previously described
[22]. ATP levels were measured with ATP fluorometric as-
say kit (K354, BioVision, Milpitas, CA, USA) according
to the protocols of the producer. In brief, MC3T3-E1 cells
were harvested after treatment and transfection and were
subjected to homogenization in 100 µL ATP assay buffer
provided in the kit. After that, 50 µL of deproteinized cell
lysate was mixed with 50 µL reaction mix in 96-well plates
containing ATP probe, converter and developer. The mix-
ture was then incubated at room temperature for 30 min,
and optical density (OD) value at 570 nM was determined
using a microplate photometer.

GSH level was measured, in line with the technique
described in a previous publication [23]. After different
treatment, 1 × 106 MC3T3-E1 cells were harvested, and
GSH level was measured by a glutathione reductase/5, 5′-
dithiobis-(2-nitrobenzoic acid) (DTNB) reagent (D105559,
Aladdin, Guangzhou, China). In brief, GSH level was
determined within a reaction mixture which contained 50
µL cell lysates, 50 µL DTNB and µL GSH reductase
(G105427, Aladdin, Guangzhou, China) in the assay buffer.
After the incubation at 25 °C for 5 min, the reaction
was started via adding 50 µL nicotinamide adenine dinu-
cleotide phosphate (NADPH, 0.16 mg/mL, N276326, Al-
addin, Guangzhou, China), and OD value at 412 nM was
recorded with a microplate photometer.

MDA level was quantified by the concentration of
thiobarbituric acid-reactive substance (TBRS) assay, ac-
cording to the technique described in a previous study
[24]. In detail, the supernatant of MC3T3-E1 cells af-
ter different treatment was collected, and then 0.2 mL of
the supernatants was added into a 10 mL centrifuge tube

containing 1.5 mL 20% acetic acid (A116173, Aladdin,
Guangzhou, China), 0.2 mL 8.1% sodium dodecyl sulfate
(SDS, S108350, Aladdin, Guangzhou, China) and 1 mL 6%
thiobarbituric acid (T108505, Aladdin, Guangzhou, China).
The mixture was then heated within a boiling water for
45 min. 4 mL n-butanol (B111578, Aladdin, Guangzhou,
China) was added into the mixture after cooling down, and
the absorbance at 535 nM was recorded using a microplate
photometer.

RECQL4 Acetylation Assay
MC3T3-E1 cells were co-transfected with the con-

structs for RECQL4 and SIRT1 for 36 h and lysed
in the buffer containing NP-40 (0.5%, N274337, Al-
addin, Guangzhou, China), glycerol (10%, G116210, Al-
addin, Guangzhou, China), protease inhibitor cocktail (1×,
P301903, Aladdin, Guangzhou, China), HEPES-KOH (50
mM, H301907, Aladdin, Shanghai, China), sodium chlo-
ride (500 mM, NaCl, S298765, Aladdin, Guangzhou,
China), trichostatin A (TSA, 5 µM, T129665, Aladdin,
Guangzhou, China), nicotinamide (10 mM, N105043, Al-
addin, Guangzhou, China) and sodium butyrate (10 mM,
S102956, Aladdin, Guangzhou, China), followed by be-
ing sonicated on ice. Then, magnetic beads were used to
pull down RECQL4 at 4 °C and sequentially washed in
washing buffer A (NP-40 (0.5%), glycerol (10%), HEPES-
KOH (50 mM), NaCl (500 mM), and nicotinamide (10
mM)), washing buffer B (NP-40 (0.5%), glycerol (10%),
HEPES-KOH (50 mM), and NaCl (500 mM)) and wash-
ing buffer C (NP-40 (0.5%), glycerol (10%), HEPES-KOH
(50mM), NaCl (150mM)). After that, the RECQL4 protein
was eluted via the incubation of the beads in washing buffer
C and analyzed with SDS-PAGE. Finally, the acetylation of
RECQL4 was determined, using western blot with an anti-
body against acetylated lysine (#9441, CST, Danvers, MA,
USA) [19].

Co-Immunoprecipitation (Co-Ip) Assay
Specifically, MC3T3-E1 cells were co-transfected

with siSIRT1 or/and vectors expressing FLAG-RECQL4.
Cells were harvested 48 h after the transfection and lysed
in IP lysis buffer (0.2% NP-40 (0.2%), magnesium chloride
(MgCl2, 2 mM, M283899, Aladdin, Guangzhou, China),
NaCl (150 mM), Tris-Hydrochloride (HCl) buffer (40 mM,
T197246, Aladdin, Guangzhou, China), and Triton X-
100 (0.4%) with protease inhibitor and benzonase (E1014,
20 U/mL, Sigma-Aldrich, St Louis, MO, USA). Then,
the lysates were incubated with protein G agarose beads
(#37478, CST, Danvers, MA, USA) or FLAG-magnetic
beads (M8823, Sigma-Aldrich, St Louis, MO, USA) at 4
°C overnight. After this, the beads were rinsed in washing
buffer including NaCl (150 mM), Tris-HCl buffer (20 nM)
and Triton X-100 (0.2%) six times, resuspended in SDS
sample buffer and boiled at 95 °C. Subsequently, western
blot was used to analyze the results after the beads were
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eluted with the washing buffer mentioned above containing
3× FLAG® peptide (F4799, Sigma-Aldrich, St Louis, MO,
USA), where the antibodies against RECQL4 (ab192375,
1:2000, Abcam, Cambridge, UK) and SIRT1 (#8469, CST,
Danvers, MA, USA) were used, according to the technique
described in a previous study [19].

Quantitative Reverse-Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was extracted from cells, with the help of
Trizol (R0016, Beyotime, Shanghai, China), and preserved
in –80 °C. The concentration of extracted RNA was de-
termined with a spectrophotometer (NanoDrop Lite, ND-
LITE-PR, Thermo Fisher Scientific, Waltham, MA, USA).
The polymerase chain reaction (PCR) was conducted us-
ing BeyoFast Probe One-Step qRT-PCR kit (D7277S, Bey-
otime, Shanghai, China) in a reverse-transcription PCR sys-
tem (LMPCS-801, Labmate, Suffolk, UK) with the listed
conditions: 50 °C for 30 min, 95 °C for 2 min, and 40 re-
peated cycles of 95 °C for 15 s and 60 °C for 30 s. The
sequences of primers used were listed in Table 1. β-actin
was used for the housekeeping gene. Relative expressions
were later quantified via 2−∆∆Ct calculation method [25].

Table 1. Primers for qRT-PCR.
Gene Primers

SIRT1
Forward 5′- GACTCCTCACTAATGGCTTT-3′
Reverse 5′-CACTTCATGGGGTATAGAAC-3′
ALP
Forward 5′-CCTGGATCTCATCAGTATTT-3′
Reverse 5′-GTTGTTGTGAGCGTAATCTA-3′
OCN
Forward 5′-GCAATAAGGTAGTGAACAGA-3′
Reverse 5′-ATACTGGTCTGATAGCTCGT-3′
Cytochrome C
Forward 5′‑AAAAAGTACATCCCTGGAAC‑3′
Reverse 5′‑TATTAGGTCTGCCCTTTCTC‑3′
β-actin
Forward 5′-CTATGTTGCTCTAGACTTCG-3′
Reverse 5′-ATAGAGGTCTTTACGGATGTC-3′

Western Blot
Protein expressions were determined as previously de-

scribed [19]. After cell collection, the of lysis and ex-
traction of total protein were conducted using RIPA lysis
buffer (P0013C, Beyotime, Shanghai, China), and the con-
centration of extracted protein was measured by BCA pro-
tein assay kit (P0012S, Beyotime, Shanghai, China). Fol-
lowing the completion of electrophoresis and transfer onto
polyvinylidene fluoride (PVDF) membrane (FFP36, Bey-
otime, Shanghai, China), the membrane containing pro-
tein was blocked by fat-free milk (5%) for 2 h and incu-

bated with the primary antibodies, including those against
RECQL4, p53 (ab26, 1:2000, Abcam, Cambridge, UK),
phosphorylated (p)-p53 (#82530, 1:1000, CST, Danvers,
MA, USA), Cytochrome C (ab90529, 1:200, Abcam, Cam-
bridge, UK), Cleaved caspase-3 (ab2302, 1:1000, Abcam,
Cambridge, UK), Caspase-3 antibody (ab2302, 1:1000,
Abcam, Cambridge, UK), and housekeeping control β-
actin (ab8226, 1:2000, Abcam, Cambridge, UK) at 4 °C
overnight. After that, the membrane was incubated in sec-
ondary HRP-conjugated antibodies: goat anti-rabbit IgG
H&L (1:2000, #7074, CST, Danvers, MA, USA) and goat
anti-mouse IgG H&L (1:2000, A0216, Beyotime, Shang-
hai, China) at room temperature for 1 h and rinsed in
TBST (T196393, Aladdin, Shanghai, China) thrice. The
visualization of protein band was performed using an
enhanced chemiluminescence (ECL) kit (P0018FS, Bey-
otime, Shanghai, China) and an imaging system (GelView
6000Plus, Biolight Biotechnology, Guangzhou, China).
Data on grey values were calculated using ImageJ (version
5.0, Bio-Rad, Hercules, CA, USA).

Statistical Analysis
Each experiment was performed in independent tripli-

cate. Normally distributed continuous data were described
as mean ± standard deviation and analyzed using Graph-
pad software (version 8.0, Graphpad, Inc., La Jolla, CA,
USA). Kolmogorov-Smirnov test was used to verify nor-
mality. Comparison of more than two groups of normally
distributed continuous data was carried out using one-way
analysis of the variance ANOVA followed by Bonferroni
post hoc test. When a statistically significant difference was
detected betweenmore than two groups, each pair was com-
pared. Statistical significance was set as p-value was below
0.05.

Results

HG Suppressed the Viability and Downregulated
RECQL4 Expression in Osteoblasts

This information belongs to the method According
to the results, HG treatment led to a decreased OD value
(Fig. 1A, p < 0.05). It was suggested that the viability of
MC3T3-E1 cells was suppressed evidently when cells were
treated with 30 mM D-glucose [7], and 30 mM D-glucose
was thus used for subsequent studies. A same inhibitory ef-
fect on cell viability was found after MC3T3-E1 cells were
treated with 30 mM D-glucose (Fig. 1B, p < 0.01). The
osmotic pressure, which was created by mannitol and was
equivalent to HG conditions, had no effect on the OD value
(Fig. 1B). These results suggested that HG suppressed the
viability of osteoblasts. In addition, in comparison with the
Man group, in the control group, no statistically significant
difference in cell viability was observed (Fig. 1B).

Then, this information belongs to the method It was
found that the expression of RECQL4 was significantly
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Fig. 1. HG suppressed the viability and repressed RECQL4 expression in osteoblasts. ∗p <0.05, ∗∗p <0.01, ∗∗∗p <0.001, vs.
control.

downregulated after the treatment of HG (Fig. 1C,D, p <

0.001).

RECQL4 Reversed the Effects of HG on Cell
Viability, Osteogenic Differentiation Markers Level
and p53 Expression in Osteoblasts

This information belongs to the method. It was found
that HG treatment resulted in a significantly decreased OD
value inMC3T3-E1 cell, whereas RECQL4 overexpression
caused a significant increase in OD value and reversed the
effects of HG (Fig. 2A, p < 0.05).

This information belongs to the method. In MC3T3-
E1 cells, after HG treatment, both ALP activity and OCN
content were significantly downregulated, and ALP and
OCN expressions were significantly decreased as well
(Fig. 2B–D, p < 0.001). However, RECQL4 over expres-
sion significantly upregulated ALP activity and OCN con-
tent as well as ALP and OCN expressions in MC3T3-E1
cells, in addition to the suggestion that RECQL4 over ex-
pression reversed the effects of HG onALP and OCN levels
in MC3T3-E1 cells (Fig. 2B–D, p < 0.05).

This information belongs to the method. It was
demonstrated that the expression of p-p53 after HG treat-

ment was significantly increased, and p-p53/p53 ratio was
significantly raised as well, whereas RECQL4 over expres-
sion significantly decreased both p-p53 expression and p-
p53/p53 ratio and reversed the effects of HG in MC3T3-E1
cells (Fig. 2E–G, p < 0.001).

RECQL4 Reversed the Effects of HG on MMP Loss
and the Levels of ATP, GSH and MDA in Osteoblasts

This information belongs to the method. After HG
treatment, MMP loss and the content of MDA were signif-
icantly up-regulated, whereas the level of ATP and the con-
tent of GSH were significantly down-regulated (Fig. 3A–E,
p< 0.001). However, RECQL4 over expression led to sig-
nificantly reduced MMP loss and MDA content yet signif-
icantly increased ATP level and GSH content (Fig. 3A–E,
p< 0.05). Furthermore, RECQL4 significantly diminished
the effects of HG on MMP loss and the levels of ATP, GSH
and MDA in osteoblasts (Fig. 3A–E, p < 0.05).
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Fig. 2. RECQL4 reversed the effects of HG on the viability and the levels of osteogenic differentiation markers and p53 in
osteoblasts. +p < 0.05, ++p < 0.01, +++p < 0.001, vs. NC; ∗∗p < 0.01, ∗∗∗p < 0.001, vs. Control; #p < 0.05, ##p < 0.01, ###p <

0.001, vs. RECQL4; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001, vs. HG+NC.

RECQL4 Reversed the Effects of HG on the
Expressions of RECQL4 and Apoptosis-Related
Factors in Osteoblasts

This information belongs to the method. After HG
treatment, the level of RECQL4was significantly decreased
yet those of cytochrome C and cleaved caspase-3 were sig-
nificantly increased. On the other hand, RECQL4 over ex-
pression did the opposite (Fig. 4A–D, p < 0.05). A statis-
tically significant increase in cleaved caspase-3/caspase-3
ratio was observable after HG treatment, whereas a statis-
tically significant decrease was shown following the over
expression of RECQL4 (Fig. 4B–D, p < 0.001). In ad-
dition, RECQL4 abolished the effects of HG on the ex-
pressions of RECQL4 and apoptosis-related factors in os-
teoblasts (Fig. 4A–D, p < 0.05).

Silencing RECQL4 Neutralized the Effects of SIRT1
on the Level of Osteogenic Differentiation-Related
Factors in HG-treated Osteoblasts

This information belongs to the method. A signifi-
cantly lower-expression of SIRT1 was found in HG-treated
MC3T3-E1 cells (Fig. 5A–C, p < 0.001). Also, the over
expressed SIRT1 significantly increased the OD value and
significantly enhanced the levels of ALP and OCN in HG-
treated MC3T3-E1 cells. On the other hand, whilst the si-
lence explain what does this mean of RECQL4 did the ex-
act opposite and counteracted the effects of SIRT1 in HG-
treated MC3T3-E1 cells (Fig. 5D–H, p < 0.05).
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Fig. 3. RECQL4 reversed the effects of HG on mitochondrial function in osteoblasts. +p < 0.05, +++p < 0.001, vs. NC; ∗∗∗p <

0.001, vs. control; #p < 0.05, ###p < 0.001, vs. RECQL4; ^^^p < 0.001, vs. HG+NC.

Fig. 4. RECQL4 reversed the effects of HG on the expressions of RECQL4 and apoptosis-related factors in osteoblasts. +p <

0.05, ++p < 0.01, +++p < 0.001, vs. NC; ∗∗∗p < 0.001, vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001, vs. RECQL4; ^^p < 0.01,
^^^p < 0.001, vs. HG+NC.
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Fig. 5. Silencing RECQL4 neutralized the effects of SIRT1 on the level of osteogenic differentiation-related factors in HG-treated
osteoblasts. ∗∗∗p < 0.001, vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001, vs. HG+NC; +p < 0.05, +++p < 0.001, vs. HG+SIRT1;
^^^p < 0.001, vs. HG+NC+siRECQL4.

SIRT1 Interacted with and Deacetylated RECQL4 in
HG-treated Osteoblasts

This information belongs to the method. Following
the silence of SIRT1, the level of acetylated RECQL4 sig-
nificantly increased, those treated with HG in particular
(Fig. 6A,B, p < 0.01). On the other hand, the over ex-
pressed SIRT1 significantly repressed the level of acety-
lated RECQL4, and the silence of RECQL4 did the same
(Fig. 6C,D, p < 0.01). Besides, the over expression of
SIRT1 and silence of RECQL4 significantly decreased
the level of acetylated RECQL4 in HG-treated osteoblasts
(Fig. 6C,D, p< 0.05). In addition, the results of Co-Ip assay

suggested that the interaction between acetylated RECQL4
and SIRT1 was significantly promoted in HG-treated os-
teoblasts following the silence of SIRT1 (Fig. 6E,F).

Discussion

The aim of this study was to explore the mecha-
nism of the effects of HG on the osteogenic differentia-
tion of osteoblasts. The study showed HG repressed the
osteogenic differentiation and induced mitochondrial dys-
function via SIRT1/RECQL4 axis in osteoblasts. In this
study, HG significantly suppressed the levels of osteogenic
differentiation-relatedmarkers ALP andOCN yet enhanced
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Fig. 6. SIRT1 interacted with and deacetylated RECQL4 in HG-treated osteoblasts. δδδp < 0.001, vs. NC; ##p < 0.01, ###p
< 0.001, vs. HG+NC; ∆∆∆p < 0.001, vs. HG+NC; ▲▲p < 0.01, vs. HG+siNC; +p < 0.05, vs. HG+SIRT1; ^^^p < 0.001, vs.
HG+NC+siRECQL4.

the phosphorylation of p53 in osteoblastic cells, suggesting
that HG could indeed inhibit the osteogenic differentiation
in osteoblastic cells. Hence, it is necessary to further ex-
plore this mechanism of HG on the osteogenic differentia-
tion.

By HG stimulation, MMP can be disturbed, ATP pro-
duction can be reduced, and cell apoptosis can be increased.
The results indicate that HG is involved in mitochondrial
dysfunction and apoptosis of MC3T3-E1 cells. Addition-
ally, it’s worth noting that HG can induce the reduction on
the level of GSH, the most abundant thiol referred as the
major cellular anti-oxidant and redox regulator, while ele-
vating that of MDA, a known indicator of oxidative stress
implicated in lipid peroxidation and is capable to induce
MMP depolarization and mitochondrial dysfunction [26–
31]. Alters in levels of intracellular anti-oxidative enzymes,
including SOD and GSH, may partly account for the HG

induced mitochondrial oxidative stress. RECQL4 is nec-
essary for the transport of p53 into mitochondria in nor-
mal human cells without exogenous stress [32]. Further-
more, Kumari et al. [13] report that mitochondrial func-
tions of RECQL4 are needed to prevent aerobic glycoly-
sis. Croteau et al. [33] state the loss of RECQL4 changes
mitochondrial integrity. The findings by Chi et al. [34]
strongly indicate a regulatory role for RECQL4 in mito-
chondrial stability and function by evaluating mtDNA copy
number and oxidative damage. These findings indicate the
role of RECQL4 inmitochondrial functionmay be involved
in DM-related orthopaedic diseases. In this study, we also
found that RECQL4 overexpression could reverse the ef-
fects of HG on inducing mitochondrial dysfunction, oxida-
tive stress and apoptosis as well as p-p53/p53 of osteoblasts.

TheDNAhelicase RECQL4 is essential for normal os-
teoblast expansion and osteosarcoma formation [11]. In our
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study, we firstly found that RECQL4 overexpression could
reverse the effects of HG on suppressing the osteogenic dif-
ferentiation of osteoblasts. Improving mitochondrial func-
tion promotes osteogenic differentiation of MC3T3-E1 os-
teoblastic cells [35]. However, these findings are con-
trary to that of Luo et al. [36] who found that mitochon-
drial dysfunction and autophagy-mediated macrophagic in-
flammation induced by dicalcium silicate promotes os-
teogenic differentiation of BMSCs. Therefore, the effects
of RECQL4 overexpression on preventing HG suppressing
the osteogenic differentiation of osteoblasts may be through
attenuating mitochondrial dysfunction.

SIRT1 inhibits HG-induced endothelial injury [37],
and SIRT1/Nrf2 signaling activated by fucoxanthin reduces
oxidative stress to improve diabetic kidney function and re-
nal fibrosis [38]. Meanwhile, it has been highlighted that
HG could increase the histone acetylation yet this trend was
blocked by SRT1720 (the potent activator of sirtuin) and
that the acetylation of RECQL4 might occur in response to
possible oxidative DNA yet SIRT1, a deacetylase promot-
ing the osteogenic differentiation in mice, could deacetylate
RECQL4 in osteosarcoma cell line U2OS [16–19]. Consis-
tent with the literature [19], this research found that SIRT1
interacts with and deacetylates RECQL4. HG significantly
inhibited the osteogenic differentiation of osteoblasts via
regulating SIRT1/RECQL4 axis. Similarly, SIRT6 signif-
icantly suppresses HG-induced mitochondrial dysfunction
and apoptosis in podocytes [39].

Taken together, the present study indicated that the
regulatory effect of SIRT1/RECQL4 axis on HG-caused os-
teogenic differentiation of osteoblasts could be attributed to
the inhibition of mitochondrial dysfunction, including re-
ducing oxidative stress and apoptosis and increasing MMP.
However, we did not explore downstream molecules of
SIRT1/RECQL4 axis that may also contribute to the modu-
lation of mitochondrial function and apoptosis during os-
teogenic differentiation of osteoblasts. The roles of HG
and its interaction with SIRT1/RECQL4 axis in osteoblasts
were only confirmed based on the cellular model in vitro.
The goal to validate these results using animal model in
vivo. Our results indicated that SIRT1/RECQL4 axis might
be regarded as a potential therapeutic target for the treat-
ment of DM-associated bone disease in clinical settings.
It’s hoped that this study can contribute to bringing fur-
ther insights into the role of HG on osteoblasts and figuring
out potential preventive and therapeutic methods for DM-
associated bone disease in the future.

Conclusions
The aim of this study was explore the mechanism of

the effects of HG on the osteogenic differentiation of os-
teoblasts. The study showed that HG could suppress the
osteogenic differentiation and induce mitochondrial dys-
function of osteoblasts, which was achieved by regulating
SIRT1/RECQL4 axis.
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