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Overexpression of FGF2 delays
the progression of osteonecrosis of the femoral
head activating the PI3K/Akt signaling pathway

Pei Lu, Yi-min Shen, Ting Hua, Ting Pan, Gang Chen, Teng Dai and Ke-qin Shi’

Abstract

Background: The purpose of the current study was to explore the role and underlying mechanism of FGF-2 in dexa-
methasone (DEX)-induced apoptosis in MC3T3-E1 cells.

Methods: GSE21727 was downloaded from the Gene Expression Omnibus (GEO) database to identify the differ-
entially expressed genes (DEGs) by the limma/R package. MC3T3-E1 cells were exposed to DEX at different concen-
trations (0, 1078, 1077,107%, 107> and 10™* mol/L), and cell viability, flow cytometry and TUNEL assay were used to
detect cell proliferation and apoptosis. An FGF-2-pcDNA3 plasmid (oe-FGF-2) was used to overexpress FGF-2, and
western blotting was conducted to detect protein expression.

Results: We found that FGF-2 was downregulated in the DEX-treated group. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses indicated that DEGs were associated with PI3K/Akt signaling pathway. DEX
downregulated FGF-2 gene and protein expression, inhibited viability and induced MC3T3-E1 cell apoptosis. Overex-
pression of FGF-2 reversed DEX-induced apoptosis in MC3T3-E1 cells. FGF-2-mediated anti-apoptosis was impaired
by inactivating the PI3K/AKT pathway with LY294002. Moreover, overexpression of FGF2 delayed the progression of
DEX-induced osteonecrosis of the femoral head (ONFH) animal model by regulation PI3K/Akt signaling pathway.

Conclusion: In conclusion, FGF-2 is effective at inhibiting DEX-induced MC3T3-E1 cell apoptosis through regulating
PI3K/Akt signaling pathway.
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Introduction the exact pathogenesis of GCs mediating impaired bone

Glucocorticoids (GCs), first-line anti-inflammatory
agents, are widely used in inflammation and autoimmune
diseases due to their strong anti-inflammatory effects
[1-3]. After megadose or long-term application of GCs,
patients are at risk of osteoporosis or even osteonecrosis
of the femoral head (ONFH) [4-7]. Kubo et al. [8] found
that approximately 51% of cases of osteonecrosis of the
femoral head were associated with GC intake. However,
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formation remains elusive [9]. Many scholars have indi-
cated that the increase in osteoblast apoptosis is one of
the important mechanisms of GC-induced bone loss [10,
11].

Fibroblast growth factors (FGFs) are secreted glyco-
proteins and possess many biological functions, such as
regulating cell viability and apoptosis [12]. To date, a total
of 22 ligands of FGF families have been discovered, and
their function is mainly through binding to FGF recep-
tors (FGFRs) [13]. Byun et al. [14] observed that TAZ
mediated FGF2 signaling and promoted osteogenic dif-
ferentiation of C3H10T1/2 cells. Montero et al. [15]
found that by disruption of the FGF2 gene in mice, bone
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mass and bone formation were decreased. Moreover,
FGF2 attenuates neuronal apoptosis after subarachnoid
hemorrhage [16].

Gene expression microarrays have been widely used to
study gene expression in many diseases [17]. Bioinfor-
matics analysis was performed to identify the key regula-
tory mediator of MC3T3-E1 cell apoptosis and an in vitro
study was conducted to test this hypothesis. Our findings
provide novel insights into the mechanism underlying
DEX-induced apoptosis of MC3T3-E1 cells, and FGF-2
may be a new target for ONFH.

Materials and methods

Microarray analysis

The mRNA expression profile GSE21727 was retrieved
from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/). In this microarray, 3 samples of primary human
osteoblasts were treated with dexamethasone (DEX,
10~* mol/L) for 24 h and 6 samples without treatment
as controls. Differentially expressed genes (DEX-treated
vs Con) were further analyzed by the R package ‘Limma’
from the Bioconductor project [18]. |logFC|>1 and P
value < 0.05 was set as the cutoff point.

Function enrichment analysis

Gene Ontology (GO) analysis, which includes biological
processes (BP), cellular components (CC) and molecu-
lar function (MF), and Kyoto Encyclopedia of Gene and
Genomes (KEGG) pathway enrichment analysis, was car-
ried out using the clusterProfiler (version 3.10.1) package
[19]. DOSE packages in R software were used to visual-
ize the GO and KEGG results [20]. Differences were con-
sidered statistically significant when P<0.05. We used
the Search Tool for Interactions of Chemicals (STITCH,
http://stitch.embl.de/) online database to predict and
construct the biological network of DEX [21]. An inter-
action score > 0.4 was considered statistically significant.

Cell culture and plasmid transfection

The mouse preosteoblast cell line MC3T3-E1 was
obtained from American Type Culture Collection
(ATCC, CRL-2593) and maintained in DMEM (Gibco,
Life Technologies, Carlsbad, CA, USA) supplemented
with 10% FBS (Gibco, Life Technologies, Carlsbad, CA,
USA), 10 mM HEPES (Sigma-Aldrich, Poole, UK), and
0.1% penicillin—streptomycin (Sigma-Aldrich, Poole,
UK). The FGF-2-pcDNA3 plasmid (oe-FGF-2) was syn-
thesized by GeneChem, Inc. Then, MC3T3-E1 cell sus-
pensions (150 pl, containing 1x 10* cells) were plated
onto the cover glass of a confocal petri dish (NEST, Hong
Kong, China) for transient transfection. DMEM (1 mL)
containing 10% FBS was added to the dish, and the cells
were cultured for 24 h prior to transfection. Transfection
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was performed using Lipofectamine 3000 (Thermo Fisher
Scientific) and Opti-MEM reduced-serum media (Life
Technologies, Waltham, Massachusetts, USA) accord-
ing to the manufacturer’s instructions. To explore the
mechanisms of FGF-2-mediated MC3T3-E1 cell apop-
tosis, the PI3K inhibitor LY294002 was used to pretreat
cells (20 uM, MCE, Shanghai, China) for 2 h followed by
stimulation with FGF-2-pcDNA3 for 12 h. The choice of
inhibitor concentrations and time course was based on a
previous study [22].

Cell viability assay

MC3T3-E1 cells (5x 10 per well, 200 pl) were seeded
in 96-well culture plates. Then, cells were exposed to
different doses of DEX (0, 1078, 1077, 107%, 10~ and
10™* mol/L, Sigma-Aldrich, CAS, 50-02-2) to identify
the optimal dose to induce apoptosis of MC3T3-E1 cells.
After 24 h, cell viability was measured using Cell Count-
ing Kit-8 Assay (CCK-8, Solarbio, Beijing, China) follow-
ing the manufacturer’s protocol.

Apoptosis flow cytometry assay

MC3T3-E1 cell apoptosis was assessed using Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) double staining following the manufacturer’s instruc-
tions (Haime Jiangsu, China). After exposure to DEX for
24 h, MC3T3-E1 cells were collected in a centrifuge tube
and stained with 5 ul Annexin V-FITC (10 pg/mL) and
5 ul PI (5 pg/mL) for 30 min. After washing with phos-
phate-buffered saline (PBS) three times, the cells were
analyzed with a FACSCalibur flow cytometer (BD Bio-
sciences). At least 50,000 events were detected and ana-
lyzed for apoptotic cells. Apoptosis rate was calculated as
ratio of apoptotic cells in Q3 4 Q2 to total cells.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

For TUNEL staining, MC3T3-E1 cells were rinsed with
PBS for 5 min and fixed with 4% paraformaldehyde for
1 h. Then, MC3T3-E1 cells were permeabilized with 0.1%
Triton X-100 for 10 min. An In Situ Cell Death Detec-
tion Kit (Roche) was used to incubate the cells for 1 h
at 37 °C in the dark. Finally, MC3T3-E1 cells were incu-
bated with DAPI (Solarbio Biotechnology, Beijing, China)
at room temperature in the dark for 5 min. High-reso-
lution images were captured using an Olympus CX41
microscope (Center Valley, PA, USA). The percentage
of TUNEL-positive MC3T3-E1 cells was calculated by
counting TUNEL-positive cells/total number of cells (%)
in 5 random high-power fields.
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Reverse transcription PCR assay

Total RNA of MC3T3-E1 cells was extracted using the
TRIzol method as previously described [23]. ¢cDNAs
were synthetized by reverse transcription using oligo(dT)
with RNA samples. cDNAs were amplified by a SYBR
Green PCR kit. The relative level of FGF-2 was normal-
ized to the GAPDH level. The expression of FGF-2 and
GAPDH was detected using qPCR with SYBR Green
Mix Kits (Applied Biosystems). All results were quanti-
tated using the 2724t relative quantification method.
The primer pair sequences were as follows: GAPDH for-
ward, 5'-AAG GCC ATC ACC ATC TTC CA-3/, GAPDH
reverse, 5'-GGA TGC GTT GCT GAC AATCT-3
FGF-2 forward, 5-CGAGTGAGAGGCAACTTGG-3/,
FGEF-2 reverse 5'-CGGTTACAGAACCAC ACACG-3'.

Western blot analysis

Total protein was extracted from MC3T3-E1 cells for
western blot analysis. Briefly, cells were immersed in
RIPA buffer and then separated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE).
The separated proteins were transferred onto polyvi-
nylidene difluoride (PVDF) membranes. The membranes
were blocked with 5% nonfat milk dissolved in Tris-
buffered saline with 0.05% Tween-20 (TBS-T) for 1 h at
room temperature. The membranes were then incubated
overnight at 4 °C with primary antibodies against cleaved
Caspase 3 (Cell Signaling; Beverly, MA, #9664, 1:1000),
Caspase 3 (Cell Signaling; Beverly, MA, #9662, 1:1000),
phospho-Akt (Ser473, Cell Signaling, Beverly, MA,
#4060, 1:2000), phospho-PI3K (Tyr458, Cell Signaling,
Beverly, MA, #9655,1:1000), Akt (Cell Signaling, Beverly,
MA, #4685, 1:2000), PI3K (Cell Signaling, Beverly, MA,
#4249, 1:1000), FGF-2 (Abcam, Cambridge, UK, ab8880,
1:5000), Bax (Abcam, Cambridge, UK, ab32503, 1:2000),
Bcl-2 (Abcam, Cambridge, UK, ab182858, 1:5000),
and GAPDH (Proteintech, Wuhan, China, 6004-1-1g
1:6000). Finally, the membranes were incubated for 1 h
with horseradish peroxidase (HRP)-conjugated second-
ary antibodies (1:500) and visualized using an enhanced
chemiluminescence system, according to the manufac-
turer’s instructions.

Animal studies

All animal experiments were performed following the
guidelines for experimentation with laboratory animals
set in The Affiliated Wuxi No.2 People’s Hospital of Nan-
jing Medical University. ONFH animal model were estab-
lished based on method published previously [24]. Fifteen
male Sprague—Dawley rats (weighing 250-300 g) were
randomly divided into two groups: (1) Normal groups
(n=5), (2) DEX (Dex 5 mg/kg.d, n=5)-treated group, (3)
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Dex+ FGF-2-pcDNA3 group (Dex 5 mg/kg.d, n=5). In
brief, FGF-2-pcDNA3 was injected into medullary cavity
of bilateral distal femur once a week. All rats were housed
under specific pathogen-free conditions with free access
to food pellets and tap water for 1 month.

Hematoxylin and eosin (HE) staining

and immunohistochemistry (IHC)

Femoral heads in each group were harvested and fixed
with 4% paraformaldehyde for 1 day and processed for
paraffin embedding. Following embedding in paraffin,
samples were cut into 5-pm sections. Subsequently, the
sections were dewaxed and hydrated, followed by HE
staining according to the instruction manual. Follow-
ing deparaffinization, epitope retrieval was performed
in a citrate buffer (pH 6.0) heated in a microwave oven
for 10 min. The sections were incubated with 20% BSA
blocking solution (Solarbio, Beijing, China, 37 °C,
30 min) for blocking non-specific staining. The slides
were then incubated with p-Akt primary antibody (Cell
Signaling, Cat#4060S, RRID: AB_2315049) at 4 °C over-
night, followed by incubation with biotin-conjugated
secondary antibody (1:1000; sc-2004; Santa Cruz Bio-
technology, Inc.). Photographs were taken with an Olym-
pus Optical AX70 microscope (Olympus).

Statistical analysis

All statistical analyses were performed using SPSS1
version 7.0 software. The data are expressed as the
mean =+ standard deviation (SD, n=3). Student’s t test or
one-way analysis of variance was conducted to compare
differences between groups. *P<0.05 was considered to
be statistically significant.

Results

Identification of differentially expressed genes

The selection criteria were set as |logFC|>1 and P
value <0.05 for the selection of DEGs. A volcano plot of
the identified DEGs is shown in Fig. 1a, and a heatmap of
the DEGs is shown in Fig. 1b. A total of 258 DEGs were
identified, among which 117 DEGs were downregulated,
while 141 DEGs were upregulated. We found that FGF-2
was downregulated in the DEX-treated group. To further
understand the function and mechanism of the identi-
fied DEGs, GO enrichment analyses were performed
using the ClusterProfiler package. Figure 1c presents the
top ten significantly enriched GO terms. The DEGs were
mainly associated with oxidation—-reduction process and
negative regulation of growth. The top 10 DEG-enriched
pathways are represented by a bubble chart and shown in
Fig. 1d.
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Fig. 1 Identification of DEGs in human osteoblasts exposed to DEX. a Volcano plot analysis of 258 DEGs. The red dots represent the upregulated
DEGs, green dots represent downregulated DEGs, and black dots represent genes with no significant change in expression. b Heatmap graphs

of the DEGs in the experimental groups: DEX versus control. Arbitrary signal intensity acquired from the microarray analysis is represented by the
colors (green =lower expression; red = higher expression). Log2 signal intensity values for any single gene were resized to row Z-score scales. ¢
Top 10 significantly enriched GO terms of DEGs. The x-axis represents the —log10 (P value) associated with GO terms, and the y-axis represents the
significantly enriched GO terms. d A bubble chart showing the identified KEGG pathways. The abscissa represents the GeneRatio, and the ordinate
represents the KEGG pathway terms. P values indicate larger values from blue through to red, and a larger node size represents a higher number of

FGF-2 is downregulated by DEX and its related biological
functions

FGF-2 was significantly downregulated after DEX treat-
ment. FGF-2 and its adjacent gene-related GOs are
presented in a chord diagram (Fig. 2a) and a circle plot
(Fig. 2b). From the STITCH database, a network involv-
ing DEX and its interacting proteins was constructed,
and we observed that FGF-2 was not a direct target gene
of DEX but was closely related to PER2, a direct target
gene of DEX (Fig. 2¢). To validate our results, we per-
formed an in vitro experiment, and the qRT-PCR results

further confirmed that DEX could decrease FGF-2
mRNA expression (Fig. 2d).

DEX promotes apoptosis of MC3T3-E1 cells

DEX significantly decreased the viability of MC3T3-
E1 cells in a dose-dependent manner, with the maximal
concentration that induced MC3T3-E1 apoptosis being
10~* mol DEX (Fig. 3a). Therefore, 10~* M DEX was
used for subsequent studies based on our results and
GSE21727. Consistent with the change in FGF-2 mRNA
expression, the FGF-2 protein level was much lower in
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the DEX group than in the control group (Fig. 3b). DEX
induced an increase in Bax, Cleaved caspase-3 and Cas-
pase3 (proapoptotic protein) and a decrease in Bcl-2
(antiapoptotic protein) (Fig. 3b).

To further explore the impact of DEX on MC3T3-E1
cell apoptosis, we used Annexin V/PI double staining
and TUNEL assays to examine apoptosis. The apoptosis

ratio was increased by 10.8% (Fig. 3c), indicating the
promoting role of DEX in MC3T3-E1 cell apoptosis.
We further examined and quantitated this observa-
tion using TUNEL staining (Fig. 3d). Through TUNEL
assays, we observed that DEX increases the number of
apoptotic cells.
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Fig. 3 The apoptosis assay revealed that DEX promoted cell apoptosis in MC3T3-E1 cells. a Effects of DEX on MC3T3-E1 cell proliferation, as
demonstrated by CCK-8 assay. b Protein levels of Bax, Bcl-2, Cleaved caspase-3, Caspase-3 and FGF-2 were detected by western blotting after DEX
treatment. ¢ Flow cytometry after Annexin V/PI staining and quantitative analysis of the apoptosis ratio after DEX treatment. d Apoptosis by TUNEL
staining after DEX treatment (x 100 magnification); *P < 0.05, DEX dexamethasone




Lu et al. J Orthop Surg Res (2021) 16:613

Overexpression of FGF-2 rescued DEX-induced apoptosis
in MC3T3-E1 cells

To further verify that FGF-2 is involved in DEX-
induced apoptosis, FGF-2-pcDNA3 plasmid trans-
fection for FGF-2 overexpression was used in further
studies. The results showed that the expression of
FGEF-2 was upregulated obviously following transfec-
tion with pcDNA-FGF-2 compared with transfection
with empty vector, which indicated that FGF-2 overex-
pression was performed successfully (Additional file 1:
Fig. S1). Apoptosis was analyzed by flow cytometry
using Annexin V/PI staining. As illustrated in Fig. 4a,
the number of apoptotic cells in the DEX group was
markedly increased after incubation for 24 h, which
was partly reversed by FGF-2-pcDNA3 (P<0.05).
To test whether this inhibition could be reversed by
the inhibition of the PI3K/Akt signaling pathway, we
treated MC3T3-E1 cells with the specific inhibitor
LY294002 and found that the inhibition of apoptotic
MC3T3-E1 cells was increased to a certain extent. The
TUNEL staining analysis provided similar results to
those of Annexin V/PI staining (Fig. 4b).

Therefore, we constructed an FGF-2 overexpression
plasmid and confirmed the overexpression efficiency
by western blot (Fig. 4c). The protein level of FGF-2
was significantly increased in FGF-2-overexpressing
MC3T3-E1 cells.

The upregulation of apoptosis-related proteins (Bax,
Cleaved caspase-3 and Caspase3) induced by DEX was
reversed by FGF-2-pcDNA3, as shown by western blot
analysis, while a marked increase in Bcl-2, an apopto-
sis-related protein, was observed in FGF-2-pcDNA3
compared with DEX using western blot analysis
(Fig. 4c).

It is evident from Fig. 4d that PI3K and Akt activa-
tion was significantly reduced after incubation with
DEX, and FGF-2 overexpression partially restored
both PI3K and Akt phosphorylation. Pretreatment
with LY294002 of DEX and FGF-2-pcDNA3-treated
MC3T3-E1 cells significantly decreased the expression
of p-PI3K and p-Akt compared with administration
of DEX and FGF-2-pcDNA3 alone. These data sug-
gested that FGF-2 restored the activation level of the
PI3K/Akt signaling cascades blocked by LY294002 in
MC3T3-E1 cells.
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Overexpression of FGF-2 delayed progression of OFNH

in animal model

In the ONFH group, trabecular bone destruction and fat
vacuoles were significantly increased than normal group,
suggesting that the ONFH animal model was successfully
established. Administration with overexpression of FGF-2
could prevented the trabecular bone destruction and for-
mulation of fat vacuoles (Fig. 5a). What is more, treatment
with overexpression of FGF-2 plasmid was able to reverse
downregulation p-Akt protein expression in DEX-induced
animal mode (Fig. 5b).

Discussion

Osteoblasts are bone-building cells, and the fine regula-
tion of osteogenic differentiation is critical to the process of
bone formation, modeling, and remodeling. Better under-
standing of the signaling pathways involved in osteogenic
differentiation may result in the discovery of novel poten-
tial targets of osteoporosis. The most common risk fac-
tors for osteoporosis include age, menopause-associated
hormone changes in women, changes in physical activity,
medications, and certain diseases. It is widely accepted
that age-associated growth hormone, estrogens, and other
hormones play a key role in the maintenance of bone
homeostasis and the development of osteoporosis. DEX
is a common GC with strong anti-inflammatory activity.
However, large doses and long treatment courses of DEX
administration may lead to osteoporosis or even ONFH.
Studies have found that DEX promotes apoptosis in a vari-
ety of cells, including MLO-Y4 [25], MC3T3-E1 [26], bone
marrow-derived mesenchymal stem cells (BM-MSCs)
[27], and primary osteoblasts [28]. However, the under-
lying mechanisms have not yet been comprehensively
investigated.

Previous related research studies have shown similar bio-
logical processes of osteoblasts exposed to DEX [29, 30].
Period2 (PER?2) is a circadian gene and plays an important
role in regulating cells apoptosis [31]. Honma et al. [32]
found that PER2 is a directly target gene of DEX. Abe et al.
[33] revealed that PER2 is required for the maturation of
bone tissue. In this study, we suggested that PER2 directly
regulating FGF2 through STITCH network. FGF-2 plays a
central role in osteoblast differentiation and osteoblast sur-
vival [34]. FGF-2 has a positive role in preventing apoptosis
in multiple cells [35, 36]. Analysis in the STITCH database
indicated that DEX affects FGF-2 expression mainly by
regulating other neighboring genes (FGFR-3 and PER2). A

(See figure on next page.)

Fig. 4 The effects of FGF-2 overexpression on DEX-induced apoptosis of MC3T3-E1 cells. MC3T3-E1 cells were pretreated with an FGF-2
expression plasmid and/or PI3K inhibitor (LY294002) 12 h before DEX treatment. Flow cytometry after Annexin V/PI staining (a) and TUNEL (x 100
magnification, b) analysis of apoptosis after DEX (1 07°M, 24 h), DEX + FGF-2 pcDNA3, and DEX + FGF-2 pcDNA3 + LY294002 treatments. ¢ Western
blotting was performed to analyze the expression levels of Bax, Bcl-2, cleaved Caspase-3, Caspase-3, FGF (c), PI13K, p-PI3K, AKT and p-AKT (d) in
MC3T3-E1 cells after DEX (1075 M, 24 h), DEX 4+ FGF-2 pcDNA3, and DEX 4 FGF-2 pcDNA3 +LY294002 treatments. *P < 0.05, DEX dexamethasone
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A Normal

Fig. 5 The effects of FGF-2 overexpression on delaying progression in ONFH animal model. a HE staining was measured histological changes in the
trabecular bone microstructure after administration with FGF-2 overexpression plasmid. b Immunohistochemistry results of the p-Akt expression in
femoral head after administration with FGF-2 overexpression plasmid (x 100 magnification)

ONFH+FGF-2-pcDNA3

mechanistic study revealed that overexpression of FGF-2
activated the PI3K signaling pathway.

DEX reduced the number of MC3T3-E1 cells in a
concentration-dependent manner. We used 107* M
DEX to treat MC3T3-E1 cells based on our experiment
and GSE21727 data [37]. The MC3T3-E1 apoptotic rate
increased in the DEX group, which was determined by
TUNEL staining and FITC/PI double staining by flow
cytometry. After DEX treatment, the expression of apop-
totic markers (Cleaved caspase-3, Caspase-3 and Bax)
was increased, and the expression of an inhibitor of
apoptotic proteins (Bcl-2) was decreased.

The apoptotic effect of DEX has been demonstrated
in previous studies [38, 39]. FGF-2-pcDNA was used
to increase the expression of FGF-2 and elucidate the
underlying mechanism of FGF-2. FGF-2 played an
important role in DEX-induced apoptosis, and the main
result showed that overexpression of FGF-2 could rescue
DEX-induced apoptosis in MC3T3-E1 cells. The apop-
totic effects of FGF-2 overexpression were attenuated by
blocking with a PI3K inhibitor (LY294002). The PI3K/Akt
signaling pathway plays a significant role in maintaining
cell viability and enhances resistance to cell apoptosis [40,
41]. Activation of the PI3K/Akt signaling pathway signifi-
cantly inhibits apoptosis-related proteins [42—-44].

PI3K-Akt signaling pathways showed the most signifi-
cant upregulation after FGF-2 overexpression. Thus, we
propose that FGF-2 effectively inhibits DEX-induced

MC3TS3-E1 cell apoptosis through activation of the PI3K/
Akt signaling pathway. In the future, gene knockdown of
FGF-2 rats should be constructed to further investigate
the effects of FGF-2 for ONFH. A limitation should be
noted in this study. FGF-2 silencing or PI3K/Akt direct
stimulation was not perform in vivo and in vitro.

Conclusion

In conclusion, we first conducted a bioinformatics anal-
ysis of the DEGs of control and DEX-treated human
osteoblasts. We determined that FGF-2 overexpression
could reverse DEX-induced apoptosis in MC3T3-E1 cells
through the PI3K/Akt signaling pathway. These outcomes
indicate the value of FGF-2 as a potential therapeutic tar-
get for ONFH.

Abbreviations

DEX: Dexamethasone; GEO: Gene Expression Omnibus; DEGs: Differentially
expressed genes; oe-FGF-2: FGF-2-pcDNA3 plasmid; KEGG: Kyoto Encyclo-
pedia of Genes and Genomes; ONFH: Osteonecrosis of the femoral head;
GCs: Glucocorticoids; FGFs: Fibroblast growth factors; FGFRs: FGF receptors;
GO: Gene ontology; BP: Biological processes; CC: Cellular components; MF:
Molecular function; STITCH: Search Tool for Interactions of Chemicals; FITC:
Annexin V-fluorescein isothiocyanate; Pl: Propidium iodide; TUNEL: Terminal
deoxynucleotidyl transferase dUTP nick end labeling; SDS-PAGE: Sodium
dodecyl sulfate—polyacrylamide gel electrophoresis; PVDF: Polyvinylidene
difluoride; TBS-T: Tris-buffered saline with 0.05% Tween-20; HE: Hematoxylin
and eosin; IHC: Immunohistochemistry; SD: Standard deviation; BM-MSCs:
Bone marrow-derived mesenchymal stem cells; PER2: Period2.



Lu et al. J Orthop Surg Res (2021) 16:613

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513018-021-02715-9.

Additional file 1. Fig. S1: Overexpression plasmids of FGF-2 is success-
fully constructed. Western blot assay was performed to assess the FGF-2
expression in control and FGF-2-pcDNA3 groups.

Acknowledgements
Not applicable.

Funding
There is no funding for this article.

Availability of data and materials
We state that the data will not be shared since all the raw data are present in
the figures included in the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 1 March 2021 Accepted: 10 September 2021
Published online: 18 October 2021

References

1. Huang M, Wang Y, Peng R. Icariin alleviates glucocorticoid-induced osteo-
porosis through EphB4/Ephrin-B2 axis. Evid Based Complement Alternat
Med. 2020;2020:2982480. https://doi.org/10.1155/2020/2982480.

2. Cabrera D, Kruger M, Wolber FM, et al. Effects of short- and long-term
glucocorticoid-induced osteoporosis on plasma metabolome and lipi-
dome of ovariectomized sheep. BMC Musculoskelet Disord. 2020;21:349.
https://doi.org/10.1186/512891-020-03362-7.

3. Zhao D, Zhang F, Wang B, et al. Guidelines for clinical diagnosis and
treatment of osteonecrosis of the femoral head in adults (2019 version).
J Orthop Translat. 2020;21:100-10. https://doi.org/10.1016/jjot.2019.12.
004.

4. LiS, Jiang H, Gu X. Echinacoside suppresses dexamethasone-induced
growth inhibition and apoptosis in osteoblastic MC3T3-E1 cells. Exp Ther
Med. 2018;16:643-8. https://doi.org/10.3892/etm.2018.6199.

5. Chen CY,DuW, Rao SS, et al. Extracellular vesicles from human urine-
derived stem cells inhibit glucocorticoid-induced osteonecrosis of the
femoral head by transporting and releasing pro-angiogenic DMBT1 and
anti-apoptotic TIMP1. Acta Biomater. 2020;6:66. https://doi.org/10.1016/j.
actbio.2020.05.020.

6. Wu X, Sun W. Noncoding RNAs in steroid-induced osteonecrosis of the
femoral head. Biomed Res Int. 2019,2019:8140595. https://doi.org/10.
1155/2019/8140595.

7. Wang Z, Sun QM, Zhang FQ, et al. Core decompression combined with
autologous bone marrow stem cells versus core decompression alone
for patients with osteonecrosis of the femoral head: a meta-analysis. Int J
Surg. 2019,69:23-31. https://doi.org/10.1016/}.ijsu.2019.06.016.

8.  KuboT, Ueshima K, Saito M, et al. Clinical and basic research on steroid-
induced osteonecrosis of the femoral head in Japan. J Orthop Sci.
2016;21:407-13. https://doi.org/10.1016/j,j0s.2016.03.008.

9. HanJ, Gao F. The use of platelet-rich plasma for the treatment of
osteonecrosis of the femoral head: a systematic review. Biomed Res Int.
2020,2020:2642439. https://doi.org/10.1155/2020/2642439.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 10 of 11

. O'Brien CA, Jia D, Plotkin LI, et al. Glucocorticoids act directly on osteo-

blasts and osteocytes to induce their apoptosis and reduce bone forma-
tion and strength. Endocrinology. 2004;145:1835-41. https://doi.org/10.
1210/en.2003-0990.

. Zhang H, Zhou F, Pan Z, et al. 11beta-hydroxysteroid dehydrogenases-2

decreases the apoptosis of MC3T3/MLO-Y4 cells induced by glucocorti-
coids. Biochem Biophys Res Commun. 2017;490:1399-406. https://doi.
0rg/10.1016/j.bbrc.2017.07.046.

. LiS, LuY, Ding D, et al. Fibroblast growth factor 2 contributes to the effect

of salidroside on dendritic and synaptic plasticity after cerebral ischemia/
reperfusion injury. Aging (Albany NY), 2020, 12. https://doi.org/10.18632/
aging.103308.

. Sochacka M, Opalinski L, Szymczyk J, et al. FHF 1 is a bona fide fibro-

blast growth factor that activates cellular signaling in FGFR-dependent
manner. Cell Commun Signal. 2020;18:69. https://doi.org/10.1186/
$12964-020-00573-2.

. Byun MR, Kim AR, Hwang JH, et al. FGF2 stimulates osteogenic dif-

ferentiation through ERK induced TAZ expression. Bone. 2014;58:72-80.
https://doi.org/10.1016/j.bone.2013.09.024.

. Montero A, Okada Y, Tomita M, et al. Disruption of the fibroblast growth

factor-2 gene results in decreased bone mass and bone formation. J Clin
Invest. 2000;105:1085-93. https://doi.org/10.1172/jci8641.

. OkadaT, Enkhjargal B, Travis ZD, et al. FGF-2 attenuates neuronal

apoptosis via FGFR3/PI3k/Akt signaling pathway after subarachnoid
hemorrhage. Mol Neurobiol. 2019;56:8203-19. https://doi.org/10.1007/
$12035-019-01668-9.

. Yang X, Kui L, Tang M, et al. High-throughput transcriptome profiling in

drug and biomarker discovery. Front Genet. 2020;11:19. https://doi.org/
10.3389/fgene.2020.00019.

. Smyth GK, Michaud J, Scott HS. Use of within-array replicate spots for

assessing differential expression in microarray experiments. Bioinformat-
ics. 2005;21:2067-75. https://doi.org/10.1093/bioinformatics/bti2 70.

. Yu G, Wang -G, Han Y, et al. clusterProfiler: an R package for comparing

biological themes among gene clusters. OMICS. 2012;16:284-7. https://
doi.org/10.1089/0mi.2011.0118.

Yu G, Wang L-G, Yan G-R, et al. DOSE: an R/Bioconductor package for
disease ontology semantic and enrichment analysis. Bioinformatics.
2015;31:608-9. https://doi.org/10.1093/bioinformatics/btu6g4.
Szklarczyk D, Santos A, von Mering C, et al. STITCH 5: augmenting protein-
chemical interaction networks with tissue and affinity data. Nucleic Acids
Res. 2016;44:D380-4. https://doi.org/10.1093/nar/gkv1277.

Zhao Z, Ma X, Ma J, et al. Naringin enhances endothelial progenitor cell
(EPC) proliferation and tube formation capacity through the CXCL12/
CXCR4/PI3K/Akt signaling pathway. Chem Biol Interact. 2018,286:45-51.
https://doi.org/10.1016/}.cbi.2018.03.002.

Song N, Zhao Z, Ma X, et al. Naringin promotes fracture healing through
stimulation of angiogenesis by regulating the VEGF/VEGFR-2 signaling
pathway in osteoporotic rats. Chem Biol Interact. 2017;261:11-7. https.//
doi.org/10.1016/j.cbi.2016.10.020.

Zheng LZ, Wang JL, Kong L, et al. Steroid-associated osteonecrosis animal
model in rats. J Orthop Translat. 2018;13:13-24. https://doi.org/10.1016/].
jot.2018.01.003.

Ding H,Wang T, Xu D, et al. Dexamethasone-induced apoptosis of
osteocytic and osteoblastic cells is mediated by TAKT activation. Biochem
Biophys Res Commun. 2015;460:157-63. https://doi.org/10.1016/j.bbrc.
2015.02.161.

Deng S, Dai G, Chen S, et al. Dexamethasone induces osteoblast
apoptosis through ROS-PI3K/AKT/GSK3beta signaling pathway. Biomed
Pharmacother. 2019;110:602-8. https://doi.org/10.1016/j.biopha.2018.11.
103.

Fan Q, Zhan X, Li X, et al. Vanadate inhibits dexamethasone-induced
apoptosis of rat bone marrow-derived mesenchymal stem cells. Ann Clin
Lab Sci. 2015;45:173-80.

Nie Z, Chen S, Peng H. Glucocorticoid induces osteonecrosis of the femo-
ral head in rats through GSK33-mediated osteoblast apoptosis. Biochem
Biophys Res Commun. 2019;511:693-9. https://doi.org/10.1016/j.bbrc.
2019.02.118.

Zhou P, Xia D, Wang Y, et al. Matrine derivate MASM protects murine
MC3T3-E1 osteoblastic cells against dexamethasone-induced apop-
tosis via the regulation of USP14/p53. Artif Cells Nanomed Biotechnol.
2019;47:3720-8. https://doi.org/10.1080/21691401.2019.1664563.


https://doi.org/10.1186/s13018-021-02715-9
https://doi.org/10.1186/s13018-021-02715-9
https://doi.org/10.1155/2020/2982480
https://doi.org/10.1186/s12891-020-03362-7
https://doi.org/10.1016/j.jot.2019.12.004
https://doi.org/10.1016/j.jot.2019.12.004
https://doi.org/10.3892/etm.2018.6199
https://doi.org/10.1016/j.actbio.2020.05.020
https://doi.org/10.1016/j.actbio.2020.05.020
https://doi.org/10.1155/2019/8140595
https://doi.org/10.1155/2019/8140595
https://doi.org/10.1016/j.ijsu.2019.06.016
https://doi.org/10.1016/j.jos.2016.03.008
https://doi.org/10.1155/2020/2642439
https://doi.org/10.1210/en.2003-0990
https://doi.org/10.1210/en.2003-0990
https://doi.org/10.1016/j.bbrc.2017.07.046
https://doi.org/10.1016/j.bbrc.2017.07.046
https://doi.org/10.18632/aging.103308
https://doi.org/10.18632/aging.103308
https://doi.org/10.1186/s12964-020-00573-2
https://doi.org/10.1186/s12964-020-00573-2
https://doi.org/10.1016/j.bone.2013.09.024
https://doi.org/10.1172/jci8641
https://doi.org/10.1007/s12035-019-01668-9
https://doi.org/10.1007/s12035-019-01668-9
https://doi.org/10.3389/fgene.2020.00019
https://doi.org/10.3389/fgene.2020.00019
https://doi.org/10.1093/bioinformatics/bti270
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btu684
https://doi.org/10.1093/nar/gkv1277
https://doi.org/10.1016/j.cbi.2018.03.002
https://doi.org/10.1016/j.cbi.2016.10.020
https://doi.org/10.1016/j.cbi.2016.10.020
https://doi.org/10.1016/j.jot.2018.01.003
https://doi.org/10.1016/j.jot.2018.01.003
https://doi.org/10.1016/j.bbrc.2015.02.161
https://doi.org/10.1016/j.bbrc.2015.02.161
https://doi.org/10.1016/j.biopha.2018.11.103
https://doi.org/10.1016/j.biopha.2018.11.103
https://doi.org/10.1016/j.bbrc.2019.02.118
https://doi.org/10.1016/j.bbrc.2019.02.118
https://doi.org/10.1080/21691401.2019.1664563

Lu et al. J Orthop Surg Res

30.

31

32.

33

34.

35.

36.

37.

38.

(2021) 16:613

Espina B, Liang M, Russell RGG, et al. Regulation of bim in glucocorticoid-
mediated osteoblast apoptosis. J Cell Physiol. 2008;215:488-96. https://
doi.org/10.1002/jcp.21335.

QinT, Lu XT, Li YG, et al. Effect of Period 2 on the proliferation, apoptosis
and migration of osteosarcoma cells, and the corresponding mecha-
nisms. Oncol Lett. 2018;16:2668-74. https://doi.org/10.3892/01.2018.8952.
Honma A, Yamada Y, Nakamaru Y, et al. Glucocorticoids reset the nasal
circadian clock in mice. Endocrinology. 2015;156:4302-11. https://doi.
org/10.1210/en.2015-1490.

AbeT, Sato T, Yoda T, et al. The period circadian clock 2 gene responds

to glucocorticoids and regulates osteogenic capacity. Regen Ther.
2019;11:199-206. https://doi.org/10.1016/j.reth.2019.07.006.

Debiais F, Lefévre G, Lemonnier J, et al. Fibroblast growth factor-2

induces osteoblast survival through a phosphatidylinositol 3-kinase-
dependent, -beta-catenin-independent signaling pathway. Exp Cell Res.
2004;297:235-46. https://doi.org/10.1016/j.yexcr.2004.03.032.

Liu M-H, Li G-H, Peng L-J, et al. PI3K/Akt/FoxO3a signaling mediates
cardioprotection of FGF-2 against hydrogen peroxide-induced apoptosis
in H9c2 cells. Mol Cell Biochem. 2016;414:57-66. https://doi.org/10.1007/
s11010-016-2658-5.

Kim H-R, Heo Y-M, Jeong K-, et al. FGF-2 inhibits TNF-a mediated apopto-
sis through upregulation of Bcl2-A1 and Bcl-xL in ATDCS5 cells. BMB Rep.
2012;45:287-92. https://doi.org/10.5483/bmbrep.2012.45.5.287.

Ding L-Z, Teng X, Zhang Z-B, et al. Mangiferin inhibits apoptosis and
oxidative stress via BMP2/Smad-1 signaling in dexamethasone-induced
MC3T3-E1 cells. Int J Mol Med. 2018;41:2517-26. https://doi.org/10.3892/
ijmm.2018.3506.

Xing L, Zhang X, Feng H, et al. Silencing FOXO1 attenuates dexametha-
sone-induced apoptosis in osteoblastic MC3T3-E1 cells. Biochem Biophys

39.

40.

41.

42.

43.

Page 11 of 11

Res Commun. 2019;513:1019-26. https://doi.org/10.1016/j.bbrc.2019.04.
112.

Liang X, Li B, Huang Q, et al. Klotho prevents DEX-induced apoptosis in
MC3T3-E1 osteoblasts through the NF-kappaB signaling pathway. Bio-
chem Biophys Res Commun. 2018;507:355-61. https://doi.org/10.1016/].
bbrc.2018.11.040.

Sylvester PW, Ayoub NM. Tocotrienols target PI3K/Akt signaling in anti-
breast cancer therapy. Anticancer Agents Med Chem. 2013;13:1039-47.
https://doi.org/10.2174/18715206113139990116.

Zhao G, Cai C, Yang T, et al. MicroRNA-221 induces cell survival and cispl-
atin resistance through PI3K/Akt pathway in human osteosarcoma. PLoS
ONE. 2013;8:€53906-e53906. https://doi.org/10.1371/journal.pone.00539
06.

LiH, Cao G, Zhang N, et al. RBP4 regulates trophoblastic cell prolifera-
tion and invasion via the PI3K/AKT signaling pathway. Mol Med Rep.
2018;18:2873-9. https://doi.org/10.3892/mmr.2018.9240.

Huang J, Jiang R, Chu X, et al. Overexpression of microRNA-23a-5p
induces myocardial infarction by promoting cardiomyocyte apoptosis
through inhibited of PI3K/AKT signalling pathway. Cell Biochem Funct.
2020. https://doi.org/10.1002/cbf.3536.

HuangY, Jia Z. Selenium protects against LPS-induced MC3T3-E1 cells
apoptosis through modulation of microRNA-155 and PI3K/Akt signaling
pathways. Genet Mol Biol. 2020;43:220190153. https://doi.org/10.1590/
1678-4685-gmb-2019-0153.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1002/jcp.21335
https://doi.org/10.1002/jcp.21335
https://doi.org/10.3892/ol.2018.8952
https://doi.org/10.1210/en.2015-1490
https://doi.org/10.1210/en.2015-1490
https://doi.org/10.1016/j.reth.2019.07.006
https://doi.org/10.1016/j.yexcr.2004.03.032
https://doi.org/10.1007/s11010-016-2658-5
https://doi.org/10.1007/s11010-016-2658-5
https://doi.org/10.5483/bmbrep.2012.45.5.287
https://doi.org/10.3892/ijmm.2018.3506
https://doi.org/10.3892/ijmm.2018.3506
https://doi.org/10.1016/j.bbrc.2019.04.112
https://doi.org/10.1016/j.bbrc.2019.04.112
https://doi.org/10.1016/j.bbrc.2018.11.040
https://doi.org/10.1016/j.bbrc.2018.11.040
https://doi.org/10.2174/18715206113139990116
https://doi.org/10.1371/journal.pone.0053906
https://doi.org/10.1371/journal.pone.0053906
https://doi.org/10.3892/mmr.2018.9240
https://doi.org/10.1002/cbf.3536
https://doi.org/10.1590/1678-4685-gmb-2019-0153
https://doi.org/10.1590/1678-4685-gmb-2019-0153

	Overexpression of FGF2 delays the progression of osteonecrosis of the femoral head activating the PI3KAkt signaling pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Microarray analysis
	Function enrichment analysis
	Cell culture and plasmid transfection
	Cell viability assay
	Apoptosis flow cytometry assay
	Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
	Reverse transcription PCR assay
	Western blot analysis
	Animal studies
	Hematoxylin and eosin (HE) staining and immunohistochemistry (IHC)
	Statistical analysis

	Results
	Identification of differentially expressed genes
	FGF-2 is downregulated by DEX and its related biological functions
	DEX promotes apoptosis of MC3T3-E1 cells
	Overexpression of FGF-2 rescued DEX-induced apoptosis in MC3T3-E1 cells
	Overexpression of FGF-2 delayed progression of OFNH in animal model

	Discussion
	Conclusion
	Acknowledgements
	References


