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Purpose: High glucose environment in diabetes mellitus induces the dysfunction of bone 
marrow-derived mesenchymal stromal cells (BMSCs) and impairs bone regeneration. 
Chrysin is a natural polyphenol with outstanding anti-inflammation and anti-oxidation 
ability. However, whether and how chrysin affects BMSCs in high glucose conditions remain 
poorly understood. The present study aimed to explore the effects and underlying mechan-
isms of chrysin on the BMSCs exposed to high glucose environment.
Materials and Methods: Cell viability was detected by cell counting kit 8 assay and 5- 
ethynyl-2’-deoxyuridine staining, while cell apoptosis was determined through flow cyto-
metry using Annexin V-FITC/PI kit. The oxidative stress in BMSCs was evaluated by 
detecting the reactive oxygen species production, malondialdehyde content, and superoxide 
dismutase activity. Alkaline phosphatase staining, Alizarin Red staining, and quantitative 
real-time PCR were performed to determine the osteogenic differentiation. Western blot was 
used to examine the expression of the PI3K/ATK/Nrf2 signaling pathway. Furthermore, 
chrysin was injected into calvarial defects of type 1 diabetic SD rats to assess its in vivo 
bone formation capability.
Results: Chrysin reduced oxidative stress, increased cell viability, and promoted osteogenic 
differentiation in BMSCs exposed to high glucose. Blocking PI3K/ATK/Nrf2 signaling 
pathway weakened the beneficial effects of chrysin, indicating that chrysin at least partly 
worked through the PI3K/ATK/Nrf2 pathway.
Conclusion: Chrysin can protect BMSCs from high glucose-induced oxidative stress via the 
activation of the PI3K/AKT/Nrf2 pathway, and promote bone regeneration in type 1 diabetic 
rats.
Keywords: chrysin, type 1 diabetes mellitus, hyperglycemia, bone regeneration

Introduction
Type 1 diabetes mellitus (T1DM) is a metabolic disorder characterized by insuffi-
cient insulin secretion and increased blood glucose levels, primarily due to the 
destruction of pancreatic β cells, as a result of an autoimmune reaction. T1DM is a 
common disease, and its incidence worldwide is increasing. In 2019, more than 40 
million individuals were diagnosed with T1DM, and this number is estimated to hit 
more than 50 million by 2030.1 The high blood sugar level disrupts cell metabolism 
and lead to a series of pathological changes in the bones, including decreased bone 
turnover, glycation of type I collagen, and deposition of lipids, which greatly 
decrease the structural and material integrity of bone.2,3 Compared with nondiabetic 
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individuals, patients with T1DM exhibit lower whole-body 
bone mineral density, poorer bone mechanical strength, 
and a higher risk of osteoporosis and fracture.3,4 

Moreover, the decreased bone turnover and osteopenia in 
T1DM patients often result in impaired bone regeneration, 
making bone repair in these patients challenging.5 The 
establishment of novel treatment regimens to improve 
bone formation under T1DM conditions is a matter of 
pressing concern.

The specific mechanism through which T1DM impairs 
bone regeneration is unclear as of yet. However, one 
primary manifestation in the T1DM diabetic process is 
that the increased oxidative stress in T1DM induces the 
dysfunction of mesenchymal stromal cells (MSCs).6 

MSCs are mesoderm-derived cells with a self-renewing 
ability and the potential to differentiate into multiple 
cells, they play a pivotal role in bone regeneration: they 
migrate to the defect area, secrete trophic factors, differ-
entiate into osteoblasts, and form new bone tissue. 
Sustained hyperglycemia triggers cellular innate immune 
responses, increases mitochondrial oxygen consumption, 
and activates reactive oxygen species (ROS)-producing 
enzymes present outside the mitochondrion, leading to 
the overproduction of ROS.7 Excessive ROS results in 
oxidation of cysteine residues in functional proteins, acti-
vate alternative downstream signaling pathways, and cause 
cell dysfunction. In line with these findings, previous 
studies have demonstrated that antioxidants could signifi-
cantly alleviate the adverse effects of diabetes on the 
viability, proliferation, migration, and osteogenic differen-
tiation of the MSCs in vitro and promote bone regenera-
tion in animal models.8,9

Chrysin (5,7-dihydroxy-2-phenyl-4H-chromen-4-one) 
is a natural polyphenol and the primary active component 
of various medicinal herbs, including Radix scutellariae 
and Salvadora persica.10 Based on its structural classifica-
tion, chrysin belongs to the dihydroxyflavones category, 
characterized by the hydroxyl groups in the A aromatic 
ring. The free radical scavenging capacity of chrysin can 
be attributed to the absence of oxygenation in their B and 
C-rings as in the carbonyl group on C-4.11 It has been 
indicated that chrysin may activate antioxidant enzymes, 
increase mitochondrial permeability, regulate glutathione 
levels and restore mitochondrial dysfunction in diabetes 
mellitus, alleviating the complications of diabetes mellitus 
including neuropathy, retinopathy, and cardiomyopathy.-
11,12 Furthermore, recent studies showed that chrysin also 
exhibited osteogenic potential. Zeng et al found that 

chrysin treatment promoted the expression of osteogenesis 
genes as well as the formation of mineralized nodules in 
preosteoblast MC3T3-E1 cells via activation of ERK/ 
MAPK pathway.13 Huo et al reported that chrysin could 
increase the osteogenic differentiation of human dental 
pulp stem cells via upregulation of the Smad3 pathway 
and promoted bone regeneration in a rat calvarial defect 
model.14 Besides, chrysin was reported to protect ovariec-
tomized rats against bone loss through enhancing bone 
mineral contents and inhibiting bone resorption.15 

However, the effect of chrysin on bone regeneration 
under T1DM conditions is still unclear as of yet.

The PI3K/Akt pathway is a common pathway and 
modulates multiple cellular biological processes, including 
energy metabolism, cellular biosynthesis, proliferation and 
differentiation. The PI3K/Akt pathway is an important 
upstream regulator of Nrf2, a master regulator of the anti-
oxidant response.16 Nrf2 activation protects cells from 
oxidative stress manner by increasing the expressions of 
a wide array of antioxidant enzymes, including heme 
oxygenase-1 (HO-1) and superoxide dismutase (SOD).17 

It was reported that chrysin could activate the PI3K/Akt 
pathway in neuroblastic cells treated with oxygen-glucose 
deprivation and recovery, as well as attenuate high-fat- 
diet-induced myocardial oxidative through via upregulat-
ing Nrf2.18 It may be possible that chrysin could protect 
stem cells from high glucose-induced oxidative stress 
through activating the PI3K/ATK/Nrf2 signaling pathway.

The present study aimed to investigate whether chrysin 
could attenuate the dysfunction of bone marrow-derived 
mesenchymal stem cells (BMSCs) caused by high glucose 
levels. The effects of chrysin on the proliferation, apopto-
sis and osteogenic differentiation of BMSCs cultured in a 
high glucose culture medium were first evaluated. 
Furthermore, the impacts of chrysin on ROS production 
and PI3K/ATK/Nrf2 signaling pathway were also exam-
ined in an attempt to explore the possible mechanism. 
Moreover, chrysin was injected into critical-sized calvarial 
defects in T1DM rats to assess its capability of enhancing 
bone regeneration in vivo.

Materials and Methods
Components of Culture Media
Low glucose culture media was composed of low glucose 
Dulbecco’s Modified Eagle’s media (DMEM, 5.5 mM/L), 
10% fetal bovine serum, and 1% penicillin-streptomycin 
(All Sigma-Aldrich, St Louis, MO, USA). The 
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components of high glucose culture media were the same 
as those of low glucose culture media except for the 
glucose concentration (25 mM/L). Low glucose osteogen-
esis inducing media was composed of low glucose 
DMEM, 10% fetal bovine serum, 1% penicillin-strepto-
mycin, 50 mg/mL of ascorbic acid, 10 mM 
β-glycerophosphate, and 100 nM dexamethasone. The 
components of high glucose osteogenesis inducing media 
were the same as those of low glucose osteogenesis indu-
cing media except for the glucose concentration.

Isolation and Culture of BMSCs
BMSCs were collected from the bone marrow of the 
femurs of SD rats. All procedures were approved by the 
Animal Care and Use Committee of the First Affiliated 
Hospital of Zhengzhou University (no. 2021-024). Briefly, 
both ends of the femurs were cut off by sterile operation 
scissors, and the bone marrow was flushed out with low 
glucose culture media. The resultant suspension was cen-
trifuged at 300 g for 5 min, and the cell pellet was diluted 
with low glucose culture media. The cells were cultured in 
T-75 flasks at 37 °C in a humidified incubator containing 
5% CO2, and culture media were changed every three 
days. The reported optimum concentration of chrysin for 
osteogenic differentiation varied from 0.01 µM to 25 
µM.13,14,19 We decided to investigate the effects of chrysin 
at 0.2 µM – 5 µM based on our pre-experiments.

Experiment Groups for the in vitro Study
Diabetic BMSCs were used in the LG (D), HG (D), HG 
+0.2 (D), HG+1 (D), HG+5 (D), and HG+chrysin (D) 
groups; in the other groups, experiments were performed 
on normal BMSCs. In the LG and LG (D) groups, cells 
were cultured in low glucose media, while cells in the HG 
and HG (D) groups were treated with high glucose media. 
In the HG+0.2, HG+1, HG+5, and HG+chrysin groups, 
cells were incubated in high glucose media supplemented 
with 0.2 μM, 1 μM, 5 μM, and 5 μM chrysin, respectively. 
Diabetic BMSCs in HG+0.2 (D), HG+1 (D), HG+5 (D), 
and HG+chrysin (D) groups received the same treatment 
with the cells in HG+0.2, HG+1, HG+5, and HG+chrysin 
groups, respectively.

Cell Viability Assay
BMSCs viability was evaluated using the CCK-8 assay 
and EdU incorporation assay (Both Beyotime Institute of 
Biotechnology, Shanghai, China). For the CCK-8 assay, 
BMSCs were seeded on 96-well plates at a density of 

3×103 cells/well. Following cell adhesion to the plates, 
wells were randomly treated with different reagents. At 
predetermined time points (3 days or 5 days), the culture 
media was removed and cells were washed with PBS. 
After that, 100 μL fresh culture media and 10 μL CCK-8 
solution were added to each well. Subsequently, the plates 
were incubated at 37°C for 30 min. Then, absorbance was 
detected at 450 nm by a microplate reader (Thermo, MA, 
USA). For the EdU assay, BMSCs were seeded on 24-well 
plates at a density of 2.5×104 cells/well and randomly 
treated with different reagents for 3 days. After 60% con-
fluence, cells were incubated with 50 μM EdU media for 2 
h in dark, fixed in 4% paraformaldehyde for 30 min, and 
then stained by DAPI (Beyotime) for 30 min. The EdU- 
stained cells were photoed by a fluorescence microscope 
(Carl Zeiss Meditec, Jena, Germany). The cell positive 
rate of each well was calculated by counting the EdU- 
positive nuclei (red) and blue fluorescent nuclei in five 
random microscopic fields.

Cell Apoptosis Assay
An Annexin V-FITC/PI apoptosis detection kit (Dojindo, 
Kumamoto, Japan) was used to detect cell apoptosis 
according to the manufacturer’s protocols. Briefly, after 3 
days of incubation, BMSCs were harvested by trypsin 
digestion, washed two times with ice-cold PBS, and resus-
pended with binding buffer. 5 µL of Annexin V solution 
and 5 µL of PI solution were added to 100 µL of cell 
suspension, and the mixture was incubated in darkness for 
15 min. The percentage of apoptotic cells was detected by 
A FACSCalibur flow cytometer (BD Biosciences, 
NJ, USA).

Alkaline Phosphatase Staining
BMSCs were seeded on 24-well plates at a density of 
2.5×104 cells/well. After 80% confluence of cells, wells 
were randomly divided into different groups. After 14 days 
of osteogenic induction, BMSCs were washed three times 
with PBS, fixed with 4% paraformaldehyde for 30 min, 
and incubated with alkaline phosphatase (ALP) staining 
solution (Beyotime) for 10 min. The stained mineralized 
nodules were desorbed with 10% (w/v) cetylpyridinium 
chloride (Aladdin, Shanghai, China), and the absorbance 
was measured at 570 nm.

Alizarin Red Staining
BMSCs were seeded on 24-well plates at a density of 
2.5×104 cells/well. After 80% confluence of cells, wells 
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were randomly divided into different groups. After 21 days 
of osteogenic induction, BMSCs were washed three times 
with PBS, fixed with 4% paraformaldehyde for 30 min, 
and incubated with Alizarin Red S (ARS) solution 
(Beyotime) for 10 min. The ARS staining was extracted 
with 10% (w/v) cetylpyridinium chloride, and the OD 
value was measured at 570 nm.

mRNA Extraction and Real-Time 
Polymerase Chain Reaction (PCR)
BMSC were seeded on 6-well plates at a density of 1×105 

cells/well. After 80% confluence of cells, BMSCs were 
randomly treated with different reagents. After 14 days of 
osteogenic induction, 0.5 mL of TRIzol® reagent 
(Aladdin) was added to each well and the plates were 
shaken gently for one minute. Furthermore, mRNA dis-
solved in the TRIzol® reagent was isolated via centrifuga-
tion (12,000 x g/min) at 4°C for 15 min. cDNA will be 
synthesized from mRNA using an RT kit (Beyotime). 
Primers for ALP, runt-related transcription factor 2 
(RUNX2), osteopontin (OPN), osteocalcin (OCN), col-
lagen type I (COL1), bone morphogenetic protein 2 
(BMP2), and GAPDH were purchased from BioTNT 
(BioTNT, Shanghai, China) and listed in Table 1. The 
thermocycling conditions are as follows: Initial denatura-
tion at 95°C for 5 min, 40 cycles of denaturation at 95°C 
for 30 sec, annealing at 58°C for 30 sec and extension at 
72°C for 45 sec. The relative mRNA expression was 
calculated using the 2-ΔΔCq method. The GADPH gene 
will be used as the internal control.

ROS, MDA, and SOD Assays
Intracellular ROS level was detected using a fluorescent 
dye DCFH-DA according to the manufacturer’s protocols 
(Beyotime). Briefly, after 3 days of incubation, BMSCs 
were washed with warm PBS, incubated in 10 uM DCFH- 
DA for 30 min at 37 °C, and washed twice with PBS. 

Then, the fluorescence (excitation 488 nm, emission 525 
nm) was examined by a fluorescence plate reader 
(Molecular Devices, Sunnyvale, CA). As reliable markers 
of oxidative stress, malondialdehyde (MDA) level and 
superoxide mutase (SOD) activity in BMSCs were also 
measured using commercial kits according to the manu-
facturer’s protocols (Beyotime) after 3 days of incubation.

Western Blot
BMSC were seeded on 6-well plates at a density of 1×105 

cells/well. After 80% confluence of cells, BMSCs were 
randomly treated with different reagents. The incubation 
time for the PI3K/AKT/Nrf2 pathway was 3 days, while 
for osteogenic differentiation, it was 14 days. Briefly, 
BMSCs were lysed by radio-immunoprecipitation assay 
(RIPA) lysis buffer containing 1% protease inhibitors, 
and the protein concentration was quantified by using an 
Enhanced BCA Protein Assay Kit (all Beyotime). Equal 
amounts of protein (20 μg/lane) were resolved on sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred onto 0.22 μm PVDF membranes. Then, the 
transferred membranes were blocked in 5% BSA at room 
temperature for 2 h and incubated with primary antibodies 
(Santa Cruz Biotechnology, CA, USA) overnight at 4°C. 
The membranes were washed with PBST containing 
0.05% Tween (Aladdin) three times followed by incuba-
tion with the corresponding horseradish peroxidase-conju-
gated secondary antibody for 1 h at 37°C. Protein bands 
were visualized using ECL reagents and then scanned with 
the Image Quant LAS4000 system (Cytiva, USA). Protein 
expression levels were semi-quantified using Gel-Pro 
Analyzer software (version 4.0; Media Cybernetics, Inc.), 
with the expression of GAPDH as the control.

Block of PI3K/AKT Pathway
A PI3K/AKT signaling inhibitor, LY294002, was used to 
verify the involvement of the PI3K/AKT signaling 

Table 1 Primer Sequences for RT-qPCR

Genes Forward Primer Sequence (5′-3) Reverse Primer Sequence (5′-3)

ALP ACCATTCCCACGTCTTCACATTT AGACATTCTCTCGTTCACCGCC

RUNX2 ACTTCCTGTGCTCGGTGCT GACGGTTATGGTCAAGGTGAA
OPN ATCTCCTAGCCCCACAGACC TCCGTGGGAAAATCAGTGACC

OCN CCTCACACTCCTCGCCCTATT CCCTCCTGCTTGGACACAAA

COL1 CATCGGTGGTACTAAC CTGGATCATATTGCACA
BMP2 ACTCGAAATTCCCCGTGACC CCACTTCCACCACGAATCCA

GADPH GGCATGGACTGTGGTCATGAG TGCACCACCAACTGTTAGC
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pathway according to the manufacturer’s instructions 
(Sigma). BMSCs in the HG+chrysin+LY294002 group 
were continuously incubated in 10 µM LY294002 until 
the end of the related experiments.20,21

Preparation of DBM
Decalcified bone matrix (DBM) was made from bovine 
limbs, which were decalcified and deproteinized as pre-
viously described.22 DBM was cut into a cylindrical shape 
(diameter 5 mm, thickness 2 mm) before being used for 
the animal experiment.

Establishment of the Rat T1DM Model
All animal experiments were approved by the Animal Care 
and Use Committee of the First Affiliated Hospital of 
Zhengzhou University (no. 2021–024) and performed accord-
ing to the Guidelines for the Use of Laboratory Animals by the 
National Institutes of Health. Animal studies are performed 
and reported in compliance with the ARRIVE guidelines.23 8- 
week-old male Sprague Dawley rats (totally n = 40) weighing 
280–310 g were purchased from the Animal Center of 
Zhengzhou University. Rats were housed separately in a stable 
environment (temperature: 20~25 °C; humidity: 50%~60%) 
with a 12:12 hour light-dark cycle and were fed with water and 
a standard rodent diet (fat: 10% of calories; protein 20% of 
calories; carbohydrate: 70% of calories). All animal experi-
ments were performed and analyzed by blinded experimen-
ters. 30 randomly selected rats were used for establishing the 
type 1 diabetic model, which was induced by intraperitoneal 
injections of streptozotocin (Sigma; 65 mg/kg). After 1 and 2 
weeks, the blood glucose of these rats was examined. The rats, 
whose blood glucose concentration was higher than 16.7 mM/ 
L, were diagnosed with T1DM. Eighteen T1DM rats were 
randomly assigned to a blank group (no scaffold, n=6), a 
scaffold group (DBM scaffold seeded with BMSCs), and a 
scaffold + chrysin group (DBM scaffold seeded with 
BMSCs + chrysin). Six normal rats and six T1DM rats were 
randomly selected for BMSCs isolation.

Animal Surgical Procedures
The rats were anesthetized with intraperitoneal injections of 
a mixture of ketamine (80 mg/kg; Bayer Korea, Seoul, 
Korea)–xylazine (8 mg/kg; Bayer Korea). After the rats 
were anesthetized, a longitudinal skin incision was made 
on their scalp and their parietal bones were separated from 
the muscles by blunt dissection. Then, a circular calvarial 
defect with a 5 mm diameter was created using a trephine 
drill under copious saline solution, and materials were 

gently implanted into the bone defect. After the skin was 
sutured, the defect area was found by gently touching the 
edge of the calvaria. Then, the skin above the defect area 
was marked. Chrysin solution or PBS was injected under 
the central area of the marked skin. 100 µL of chrysin 
solution was injected into the defect area in the scaffold + 
chrysin group every 3 days in the first month after surgery, 
while rats in the two other groups received 100 µL of PBS. 
Eight weeks after surgery, rats were euthanized with sodium 
pentobarbital solution (Bayer Korea) via intraperitoneal 
injection at a dose of 250 mg/kg. The bone tissues in the 
defect area were collected and washed 3 times with PBS.

Micro-CT Measurements
The specimens were scanned using a micro-CT system (GEe 
Xplore Locus SP Micro-CT: GE Healthcare, Milwaukee, WI, 
USA), and the scan resolution was 10 μm. 3D reconstruction 
and morphometric parameters were analyzed using the CTAn 
software (Bruker Corporation, Kontich, Belgium).

Histological Analysis
After being fixed in 4% paraformaldehyde for 3 days, the 
specimens were immersed in 10% EDTA (Beyotime) and 
gently shaken for 4 weeks for decalcification at room tempera-
ture. Following the decalcification, the specimens were dehy-
drated with an increasing gradient concentration of ethanol (50, 
70, 80, 90, and 100%) and embedded in paraffin (Aladdin). 
Sections of 5-μm thickness were cut using a schistosome, 
incubated overnight at 60°C, stained with hematoxylin and 
eosin (H&E) (Beyotime), and examined by light microscopy.

Statistical Analysis
Data are presented as the mean ± standard deviation. The 
Shapiro–Wilk test was used to check the normality of the 
data using GraphPad Prism 9 (GraphPad Software, USA). 
The data obeyed normal distribution was examined for 
statistical significance by one-way or two-way ANOVA 
with Tukey’s post-hoc using GraphPad Prism 9. P<0.05 
was considered to indicate a statistically significant 
difference.

Results
Chrysin Promoted the Proliferation but 
Decreased the Apoptosis of BMSCs 
Exposed to High Glucose
The proliferation of BMSCs receiving different treatments 
was assessed using EdU staining (Figure 1A). The LG 
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group showed the most EdU-positive cells among the five 
groups, whereas the HG+5 group exhibited much more 
EdU-positive cells than the HG HG+0.2 and HG+1 

groups. The EdU-positive rate of the HG+1 group was 
slightly higher than that of the HG group, but there was 
no significant difference (Figure 1C). Furthermore, the 

Figure 1 Chrysin improved proliferation but decreased apoptosis in BMSCs exposed to high glucose. (A) Cell proliferation was checked by EdU staining. Scale bar: 50 μm. 
(B) Cell apoptosis was evaluated by the Annexin V/PI assay. (C) The semi-quantitative result of EdU staining. (D) Cell viability was examined by the CCK-8 assay. (E) 
Quantitative analysis of cell apoptosis rate. 
Notes: *p<0.05 vs the LG group. #p<0.05 vs the HG group.
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CCK-8 assay was performed to detect the cell viability. 
Figure 1D showed that high glucose greatly inhibited the 
proliferation of BMSCs on days 3 and 5. The OD value of 
the HG+0.2 group was a bit higher than the LG group on 
days 3 and 5, but no significant differences were observed. 
The HG+5 groups showed a significantly higher OD value 
than the HG group on both days 3 and 5. However, the OD 
value of the HG+5 group was still significantly lower than 
that of the LG group on day 5.

As shown in Figure 1B, the proportion of apoptotic 
cells was significantly increased in the high glucose-trea-
ted group. However, there were considerably fewer apop-
totic cells in the HG+1 and HG+5 groups compared with 
the HG group. Moreover, the quantitative analysis also 
indicated that 1 µM and 5 µM chrysin notably decreased 
the percentage of apoptotic BMSCs (Figure 1E). In gen-
eral, chrysin reversed the negative effects of high glucose 
on cell survival in a dose-dependent manner.

Chrysin Improved the Osteogenic 
Differentiation of BMSCs Exposed to 
High Glucose
Reduced ALP activity (ALP staining) and mineralized 
nodule formation (ARS staining) were observed in the 
HG group compared with the LG group, in which cells 
were treated with low glucose culture media (Figure 2A). 
However, the impaired ALP activity and mineralized 
nodule formation of BMSCs caused by high glucose 
were partially reversed by chrysin treatment: both the 
amount of ALP and ARS staining was increased by chry-
sin treatment in a dose-dependent manner (Figure 2B 
and C).

Figure 2D–I showed that high glucose media greatly 
inhibited the mRNA expression levels of ALP, RUNX2, 
OPN, OCN, COL1, and BMP2 compared with low 
glucose media after a 14-day incubation period. 
BMSCs treated with 0.2 µM chrysin showed consider-
ably higher expression levels of ALP and RUNX2 than 
BMSCs in the HG group. However, no significant dif-
ferences in OPN, OCN, COL1, and BMP2 expression 
were found between the HG and HG+0.2 groups. 
Treatment with 1 µM chrysin significantly reversed the 
inhibitory effects of high glucose on the expressions of 
ALP, RUNX2, OPN, COL1, and BMP2, while 5 µM 
significantly increased the expression levels of all the 
aforementioned genes.

Chrysin Relieved High Glucose-Mediated 
ROS Overproduction and Activated the 
PI3K/AKT/Nrf2 Signaling Pathway in 
BMSCs Exposed to High Glucose
The fluorescence intensity of BMSCs treated with differ-
ent reagents was detected to examine the ROS overpro-
duction. As shown in Figure 3A, the fluorescence intensity 
of the LG group was much lower than that of the HG 
group. The fluorescence intensity of both the HG+1 and 
HG+5 groups was significantly lower than that of the HG 
group. Although the fluorescence intensity of the HG+0.2 
group was lower than that of the HG group, no significant 
differences were found between the two groups. 
Alterations in MDA contents were similar to those 
observed with the DCFH fluorescence intensity analysis 
(Figure 3B). Chrysin at 1 and 5 µM significantly alleviated 
the increase of MDA contents caused by high glucose. 
Furthermore, chrysin reversed the inhibition effects of 
high glucose on the SOD activity in a dose-dependent 
manner (Figure 3C).

The effects of high glucose on the PI3K/AKT signaling 
pathway in BMSCs are shown in Figure 3D. High glucose 
media significantly decreased p-AKT levels in BMSCs, 
but the p-AKT expression levels were increased by chrysin 
in a dose-dependent manner. Both the HG+1 and HG+5 
groups showed significantly higher p-AKT levels than the 
HG group (Figure 3F). Furthermore, the effects of treat-
ment with various concentrations of chrysin on the Nrf2/ 
HO-1 pathway were evaluated (Figure 3E). Similar to the 
results of the PI3K/AKT pathway, chrysin reversed the 
inhibitory effects of high glucose on the Nrf2 and HO-1 
levels in a dose-dependent manner. The quantitative ana-
lysis indicated that both the HG+1 and HG+5 groups 
showed significantly higher Nrf2 and HO-1 levels than 
the HG groups (Figure 3G–H).

The Enhanced Viability of BMSCs Treated 
with Chrysin Was Partially Inhibited by 
Inhibition of the PI3K/AKT Pathway
To verify the involvement of the PI3K/AKT signaling 
pathway, BMSCs were incubated with the inhibitor of 
PI3K (LY294002). As shown in Figure 4A, the 
increased proliferation induced by chrysin treatment 
(5 µM) in BMSCs was significantly decreased by 
LY294002. Although the average positive rate of the 
LY294002-treated group was higher than that of the 
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HG group, but there was no significant difference 
(Figure 4C), the CCK-8 assay also showed the 
LY294002 greatly decreased the cell viability 
(Figure 4D). The OD value of the HG+Chrysin 
+LY294002 group was significantly lower than that of 
the HG+chrysin group on days 3 and 5; its OD value 
was significantly higher than the HG group on day 5, 
but no significant differences were found between the 
two groups on day 3. Moreover, the protective effects of 
chrysin on cells from apoptosis were also offset by 
LY294002 (Figure 4B). The cell apoptotic rate in the 
LY294002 treated group was slightly lower than that in 

the HG group; however, no significant difference was 
found between the two groups (Figure 4E).

PI3K/AKT Signaling Inhibitor Partially 
Offset the Enhanced Osteogenic 
Differentiation of BMSCs Induced by 
Chrysin
The levels of ALP activity and mineralized nodule for-
mation in BMSCs treated with LY294002 were signifi-
cantly decreased compared with those of the HG 
+chrysin group (Figure 5A–C). However, the ALP 

Figure 2 Chrysin promoted osteogenesis in BMSCs exposed to high glucose. (A) ALP staining was performed to detect early-stage osteogenesis and Alizarin Red staining 
was performed to evaluate calcium deposition in BMSCs. (B) The semi-quantitative result of ALP staining. (C) The semi-quantitative result of Alizarin Red staining. The gene 
expressions of ALP (D), RUNX2 (E), OPN (F), OCN (G), COL1 (H), and BMP2 (I) in BMSCs were checked by PCR. 
Notes: *p<0.05 vs the LG group. #p<0.05 vs the HG group.
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activity of the HG+chrysin+LY294002 group was still 
significantly higher than that of the HG group, and its 
mineralization was also slightly better than the HG 
group. Moreover, LY294002 significantly reversed the 
beneficial effects of chrysin on the gene expression 

levels of ALP, BMP2, COL1, OCN, OPN, and 
RUNX2 in BMSCs exposed to high glucose 
(Figure 5D–I). Interestingly, cells in the LY294002-trea-
ted group still exhibited significantly higher gene 
expression levels of ALP and RUNX2.

Figure 3 Chrysin decreased ROS production in BMSCs by activating the PI3K/Akt/Nrf2 pathway. (A) The ROS levels in BMSCs exposed to high glucose were detected by 
flow cytometry. (B) MDA contents in BMSCs were checked. (C) SOD levels in BMSCs were examined. (D) The effect of chrysin on the PI3K/ATK pathway was examined by 
Western blotting. (E) The effect of chrysin on the Nrf2/HO-1 pathway was examined by Western blotting. Semi-quantitative analysis of contents of PI3K (F), Nrf2 (G), and 
HO-1 (H). 
Notes: *p<0.05 vs the LG group. #p<0.05 vs the HG group.
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Figure 4 The beneficial effects of Chrysin on cell proliferation and survival were partially blocked by LY294002. (A) Cell proliferation was checked by EdU staining. Scale 
bar: 50 μm. (B) Cell apoptosis was evaluated by the Annexin V/PI assay. (C) The semi-quantitative result of EdU staining. (D) Cell viability was examined by the CCK-8 assay. 
(E) Quantitative analysis of cell apoptosis rate. 
Notes: *p<0.05 vs the LG group. #p<0.05 vs the HG group.
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Figure 5 The beneficial effects of Chrysin on osteogenesis were partially blocked by LY294002. (A) ALP staining was performed to detect early-stage osteogenesis and 
Alizarin Red staining was performed to evaluate calcium deposition in BMSCs. (B) The semi-quantitative result of ALP staining. (C) The semi-quantitative result of Alizarin 
Red staining.The gene expressions of ALP (D), RUNX2 (E), OPN (F), OCN (G), COL1 (H), and BMP2 (I) in BMSCs were checked by PCR. 
Notes: *p<0.05 vs the LG group. #p<0.05 vs the HG group.
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PI3K/AKT Signaling Inhibitor Partially 
Offset the Decreased ROS Generation 
Induced by Chrysin
As shown in Figure 6A, the fluorescence intensity of 
the BMSCs treated with LY294002 and chrysin was 
considerably higher than that of the BMSCs treated 
only with chrysin. The quantitative analysis showed 
that the DCFH fluorescence intensity of the HG+ 
Chrysin+LY294002 group was notably higher than 
that of the HG+chrysin group but a bit lower than 
that of the HG group. The results of the MDA assay 
were in line with that of the flow cytometry analysis, 
LY294002 partly offset the inhibition effects of chrysin 
on MDA level in BMSCs (Figure 6B). The SOD level 
of the LY294002-treated group was significantly lower 
than that of the HG+chrysin group and similar to that 
of the HG group (Figure 6C). The HG+Chrysin 
+LY294002 group showed a significantly lower expres-
sion of AKT than the HG+Chrysin group (Figure 6D 
and F); however, no significant differences in the Nrf2 
and HO-1 levels were observed among these two 
groups (Figure 6E, G, and H).

Chrysin Accelerated Bone Healing in the 
Rat Calvarial Bone Defect Model
To evaluate the in vivo bone formation capability of 
chrysin, 5mm-sized calvarial bone defects were created 
in the T1DM rat model (Figure 7A). Micro-CT mea-
surement showed that robust bone regeneration was 
found in the cells and cells+chrysin groups 
(Figure 7B). The quantitative analysis indicated that 
the cells+chrysin group had the biggest new bone tis-
sue volume, thickest trabecular, and highest mineral 
density in the defect area among the three groups 
(Figure 7C). Besides, the trabecular number of the 
cells+chrysin was also much more than that of the 
blank group. Consistent with the micro-CT results, a 
large amount of eosin-stained newly formed bone tis-
sue could be found in the cells+chrysin group, while 
only a small amount of newly formed bone tissue could 
be found in the blank group (Figure 7D). Furthermore, 
Western blot was performed to determine the expres-
sion of late-stage osteogenesis protein OCN 
(Figure 7E). The expression of OCN in the cells+chry-
sin group was much higher than that in the blank and 
cells group (Figure 7F).

Chrysin Improved the Osteogenic 
Potential of BMSCs from Type 1 Diabetic 
Rats
As shown in Figure 8A, chrysin increased the viability of 
diabetic BMSCs in a dose-dependent manner and Chysin 
at 5 µM could significantly alleviate the negative effects of 
high glucose. Compared with normal BMSCs, diabetic 
BMSCs exhibited lower viability under low glucose con-
ditions but similar viability under high glucose conditions 
(Figure 8B). Chrysin could improve the viability of both 
normal and diabetic BMSCs under high glucose condi-
tions, but the viability of diabetic BMSCs treated with 
chrysin was significantly lower than that of the normal 
BMSCs treated with chrysin after 5-day incubation. 
Diabetic BMSCs showed slightly higher intracellular 
ROS levels than normal BMSCs both under the low and 
high glucose conditions, but there were no significant 
differences (Figure 8C). The MDA content in normal 
BMSCs was significantly lower than that in the diabetic 
BMSCs in low glucose media, but they had no significant 
difference in MDA content when cultured in high glucose 
media (Figure 8D). Chrysin significantly decreased the 
ROS production and MDA content in diabetic BMSCs 
exposed to high glucose, but the oxidative stress in those 
cells was still much higher than the normal BMSCs in the 
HG+chrysin group. Diabetic BMSCs exhibited signifi-
cantly lower protein levels of COL1 and OCN than normal 
BMSCs when they were incubated in low glucose media 
(Figure 8E and F). Interestingly, the levels of all the 
examined osteogenic proteins in the diabetic BSMCs 
were significantly lower than those in the normal BMSCs 
under high glucose condition. No matter cultured in the 
low or high glucose media, diabetic BMSCs exhibited 
significantly lower gene expression levels of ALP, 
RUNX2, and OCN than normal BMSCs (Figure 8G). 
Chrysin significantly elevated the protein and gene expres-
sions of RUNX2 and OCN, as well as the ALP gene 
expression in the diabetic BMSCs exposed to high glu-
cose. However, the expression levels of all the osteogenic 
proteins and genes in the HG+chrysin (D) group were 
significantly lower than those in the HG+chrysin group.

Discussion
Tissue engineering has shown great potential in facilitating 
bone repair. However, the therapeutic effects of bone tis-
sue engineering scaffold are significantly impaired under 
diabetic conditions. Given the rising number of diabetic 
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Figure 6 LY294002 increased ROS production and blocked the PI3K/Akt/Nrf2 pathway in BMSCs treated with chrysin. (A) The ROS levels in BMSCs exposed to high 
glucose were detected by flow cytometry. (B) MDA contents in BMSCs were checked. (C) SOD levels in BMSCs were examined. (D) The effect of chrysin on the PI3K/ATK 
pathway was examined by Western blotting. (E) The effect of chrysin on the Nrf2/HO-1 pathway was examined by Western blotting. Semi-quantitative analysis of contents 
of PI3K (F), Nrf2 (G), and HO-1 (H). 
Notes: *p<0.05 vs the LG group. #p<0.05 vs the HG group.
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Figure 7 Local delivery of chrysin promoted in vivo bone regeneration in T1DM rats. (A) A 5-mm defect was made in rat calvaria. (B) The 3D reconstruction images of rat 
calvarial bone after 8 weeks of implantations. (C) Bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and bone mineral density 
(BMD) were calculated based on the micro-CT data. (D) H&E stained sections of bone tissues in the defect area. Scale bar: 250 μm. (E) The expression of OCN in the 
defect area was detected by Western blotting. (F) Semi-quantitative analysis of the content of OCN. 
Notes: *p<0.05 vs the blank group. #p<0.05 vs the cells group.
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Figure 8 Chrysin improved the osteogenic potential of BMSCs from type 1 diabetic rats under high glucose conditions. (A) The effect of chrysin on the viability of diabetic 
BMSCs was examined by the CCK-8 assay. (B) The effects of chrysin on the viability of normal and diabetic BMSCs were examined by the CCK-8 assay. (C) The ROS levels 
in normal and diabetic BMSCs were detected by flow cytometry. (D) MDA contents in normal and diabetic BMSCs were checked. (E) The effects of chrysin on the 
osteogenic proteins in normal and diabetic BMSCs were examined by Western blotting. (F) Semi-quantitative analysis of contents of RUNX2, COL1, and OCN. (G) The 
effects of chrysin on the gene expressions of ALP, RUNX2, COL1, and OCN in normal and diabetic BMSCs were detected by PCR. 
Notes: *p<0.05 between two groups.
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patients worldwide, the development of suitable therapeu-
tic approaches aimed at improving bone regeneration in 
diabetes mellitus has become a matter of pressing concern. 
In view of this, the effects of chrysin on the behavior of 
BMSCs exposed to high glucose and bone regeneration in 
T1DM rats were explored. Our results demonstrated that 
chrysin could improve proliferation and osteogenic differ-
entiation but reduce apoptosis and ROS production in 
BMSCs exposed to high glucose through the activation 
of the PI3K/AKT/Nrf2 signaling pathway. Moreover, 
chrysin treatment significantly promotes bone regeneration 
in T1DM rats without any marked side effects.

Bone regeneration is a complicated physiological pro-
cess involving an orchestrated number of histological and 
physiological changes. The bone healing process can be 
divided into three overlapping stages: inflammation, bone 
production, and bone remodeling. MSCs play multiple 
roles in the bone regeneration process; they differentiate 
into osteoblasts and secrete various growth factors and 
immune-regulatory cytokines.24 However, MSCs exhibit 
reduced viability and osteogenic capacity under diabetic 
conditions, severely impairing bone repair in diabetic 
patients.25 The specific mechanism underlying the dys-
function of MSCs in diabetic conditions is unclear as of 
yet. However, emerging evidence identified excessive 
ROS generation as the leading cause.6,12 Sustained hyper-
glycemia increases mitochondrial oxygen consumption 
and activates ROS-producing enzymes, leading to the 
overproduction of ROS. Surprisingly, we found that even 
when incubated in low glucose media, diabetic BMSCs 
still exhibited higher intracellular ROS levels and MDA 
content than the normal BMSCs. Excessive ROS interfere 
with cell signal transduction, cause cellular dysfunction 
and accelerate cellular senescence.26 Thus, controlling 
oxidative stress may be the key to repair bone defects in 
diabetic patients.

Chrysin is a natural ROS scavenger with good biocom-
patibility and wide availability. It was reported that daily 
chrysin dosages less than 3g were safe for human 
consumption.11 Moreover, chrysin is widely available in 
foods such as honey, vegetables, and fruits. For example, 
the content of chrysin in forest honey is up to 5.3 mg/kg.27 

The excellent biocompatibility and wide availability of 
chrysin make it a preferred choice for clinical application. 
Previous studies indicated that diabetic MSCs exhibited 
impaired osteogenic potential as well as decreased angio-
genic capability compared with MSCs from healthy 
donors.28,29 Besides, isolating and expanding autologous 

MSCs cost a long time, which is inconvenient for clinical 
use. Therefore, allogeneic MSCs from healthy donors may 
be more promising than autologous MSCs for diabetic 
bone repair. Thus, we implanted allogeneic normal 
BMSCs into the bone defects of diabetic rats in the present 
study. However, the diabetic BMSCs of host rats could 
migrate to the defect area and also play an important role 
in bone regeneration. Therefore, we tested the effects of 
chrysin on both the normal and diabetic BMSCs in this 
study.

Our results indicated that high glucose conditions 
induced excessive ROS generation, inhibited cell prolifera-
tion, and decreased expression of osteogenesis genes in both 
normal and diabetic BMSCs. However, chrysin relieved 
hyperglycemia-induced oxidative stress in a dose-dependent 
manner, and the chrysin-treated BMSCs also displayed a 
higher proliferative rate, increased ALP activity, and more 
mineralization deposition compared with BMSCs cultured in 
high glucose media without chrysin. The increased osteo-
genic differentiation of chrysin-treated BMSCs may be the 
cooperative effects of the antioxidant activity and osteoin-
ductive potential of chrysin. Previous studies showed that 
chrysin promoted the osteogenic differentiation of adipose 
stromal cells via the ERK pathway, preosteoblast MC3T3-E1 
cells through the ERK/MAPK pathway, and human dental 
pulp stem cells by the Smad3 pathway under low glucose 
conditions.13,14,19 It is possible that chrysin could also 
directly promote the osteogenic differentiation of BMSCs 
under high glucose conditions. However, chrysin-treated dia-
betic BMSCs still exhibited significantly lower viability and 
poorer osteogenesis than the chrysin-treated normal BMSCs, 
which is possible due to DNA damage and senescence 
caused by diabetes.28,30

The PI3K/AKT pathway plays a vital role in multiple 
physiological processes, including glucose uptake, glyco-
lysis, lipid synthesis, nucleotide synthesis, and protein 
synthesis.31 Due to its critical role in cell metabolism, 
the PI3K/AKT pathway is intricately linked to multiple 
diseases, including cardiovascular disease, diabetes, and 
cancer.32,33 The activation of the PI3K/AKT pathway is 
essential for maintaining the physiological functions of 
MSCs; however, it is significantly suppressed under cer-
tain pathological situations. Accumulating evidence indi-
cates that activating the PI3K/AKT pathway could protect 
MSCs from harmful factors and enhance their prolifera-
tion, migration, and differentiation.34,35 In this study, chry-
sin reversed the inhibition effects of high glucose on the 
PI3K/AKT pathway in a dose-dependent manner, 
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indicating that chrysin may exert its beneficial effects 
through the PI3K/AKT pathway.

NRF2 is a downstream transcription factor of the PI3K/ 
AKT pathway and an essential regulator of redox home-
ostasis. When exposed to oxidative stress, NRF2 dissoci-
ates from the Nrf2-Keap 1 complex, translocates into the 
nucleus, and activates a wide array of antioxidant genes.17 

HO-1 is a downstream target of Nrf2 and an important 
endogenous antioxidant. HO-1 and its metabolites could 
combine with NADPH and cytochrome P450, scavenge 
ROS and protect cells from oxidative stress.36 Our results 
demonstrated that high glucose conditions suppressed the 
Nrf2/HO-1 pathway in BMSCs, but chrysin alleviated the 
effects of high glucose on the Nrf2/HO-1 pathway. These 
findings indicated that chrysin protects BMSCs from oxi-
dative stress at least partly via activation of the PI3K/Akt/ 
Nrf2 pathway. However, BMSCs treated with chrysin and 
LY294002 still exhibited much better osteogenic potential 
and a bit lower oxidative stress than BMSCs treated with 
PBS under high glucose conditions. LY294002 did not 
eliminate the increased osteogenic differentiation may be 
due to that chrysin can activate signaling pathways 
involved in osteogeneses, such as ERK/MAPK and Smad 
pathways.13,14 The slightly lower oxidative stress in the 
HG+chrysin+LY294002 group compared with the HG 
group perhaps because that chrysin can also inhibit ROS 
production through suppressing the JAK-STATs pathway.-
37 Despite the promising results, there were several limita-
tions to this study. First, blocking the PI3K/ATK signaling 
pathway only partly offset the beneficial effects of chrysin; 
thus, the effects of chrysin on the other signaling path-
ways, such as the ERK/MAPK, Smad and JAK-STATs 
pathways, under high glucose conditions still need to be 
explored. Second, there is now overwhelming evidence 
indicating that BMSCs play a critical role in the inflam-
matory reaction following trauma, and are especially 
important in bone regeneration.38 Investigating the effect 
of chrysin on the immunomodulatory property of BMSCs 
is therefore also necessary. Third, only one drug adminis-
tration mode was evaluated in the present study, and addi-
tional animal experiments are required to determine the 
optimal dosage and timing of administration.

Conclusion
Our research demonstrated that chrysin alleviated high 
glucose-induced BMSCs dysfunction both in vitro and in 
vivo. The beneficial effects of chrysin are partly due to the 
activation of the PI3K/Akt/Nrf2 signaling pathway. These 

findings indicated that the local delivery of chrysin might 
be a promising novel approach for the treatment of 
impaired bone regeneration in T1DM patients.

Data Sharing Statement
All data included in this study are available upon request 
by contact with the corresponding author.
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