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Abstract. Directional migration of mesenchymal stem cells 
(MSCs) is known to serve roles in bone fracture healing. 
Naringin is a traditional medicine used in China to treat bone 
injury and has been confirmed to act as a chemoattractant 
to MSCs. In the present study, the secretion of chemokines 
and stimulation of relevant signaling pathways by naringin 
were detected to determine the molecular mechanism of 
naringin‑induced MSC migration. In these experiments, 
Quantibody® arrays were used to detect chemokines secreted 
by MSCs with or without the addition of naringin. The results 
revealed differential naringin‑induced chemokine secretion 
of C‑X‑C motif chemokine (CXCL)5, CXCL6 and C‑C motif 
chemokine 20. Furthermore, the Ras signaling pathway was 
markedly activated in the naringin‑treated groups, suggesting 
that naringin may enhance the migrational ability of MSCs 
via Ras activation. Furthermore, naringin was able to promote 
the secretion of various chemokines derived from MSCs, 
which would, in turn, increase the mobility of MSCs. The aim 
of the present study was to provide novel candidate agents 
for clinical orthopedics and theoretical basis for the future 
improvement of adjunctive medication for bone fracture 
healing.

Introduction

Naringin is a dihydroflavonoid compound with numerous 
biological and pharmacological roles, including anti‑inflam-
matory, anticancer, antiulcer, analgesic and anti‑hypertensive 
activities (1‑4). Naringin exhibits estrogenic activity and can 
decrease blood cholesterol, reduce thrombus formation, and 
improve local microcirculation and nutritional supply (5‑9). 
Therefore, naringin is widely used in clinical practice to 
prevent cardiovascular and cerebrovascular diseases and as 

an adjunctive treatment for bone fracture healing (10‑13). A 
Previous study has indicated that naringin can promote bone 
marrow stem cell differentiation into mature bone. However, 
it inhibits differentiation of MSCs into adipocytes  (14). 
Furthermore, naringin can inhibit bone loss and increase bone 
density (15).

Bone MSCs are adult multipotent cells derived from the 
fetal mesoderm that exhibit a high proliferation, self‑renewal 
and differentiation potential  (16‑18). MSCs participate in 
bone fracture repair  (19). Directional migration of MSCs 
and differentiation into mature bone serve essential roles in 
the local healing of bone fractures (20). Additionally, MSCs 
exhibit autocrine and paracrine functions and may secrete a 
number of cytokines, growth factors, chemokines and other 
regulators that participate in cellular functions (21). Therefore, 
differential secretion of various cytokines by MSCs under the 
effects of suitable medication can alter the microenvironment 
of MSCs in bone fractures as well as the traits and function 
of other associated cell types, thereby affecting bone fracture 
healing.

The Ras signaling pathway is a common molecular signal 
transduction pathway in cells. Binding of the receptor protein 
tyrosine kinase to signaling molecules forms a dimer and 
results in autophosphorylation and activation of the receptor 
protein tyrosine kinase and Ras (22). Activated Ras induces 
a protein kinase phosphorylation cascade (23,24). Previous 
studies have shown that activation of the Ras signaling pathway 
is associated with the proliferation and migration of numerous 
cell types, including cancer cells (18,25,26). A previous report 
by the authors of the present study indicated that activation 
of Ras‑associated protein‑1 promotes directional migration of 
MSCs (16). Therefore, the authors of the present study hypoth-
esized that naringin may potentiate the migration of MSCs via 
the activation of Ras and this hypothesis was supported by the 
following experiments.

A scratch assay was used in the present study to prelimi-
narily detect the effect of naringin on MSC migration. To 
confirm the hypothesis of the present study and further 
investigate the molecular mechanism of naringin on MSCs, 
Quantibody® arrays (RayBiotech, Inc., Norcross, GA, USA) 
were used to detect the cytokines secreted by MSCs. It was 
hypothesized that naringin may affect MSC cytokine secretion 
and that chemokine secretion by naringin‑induced MSCs is the 
mechanism by which this drug promotes MSC migration. By 
analyzing the results of the Quantibody® array, differentially 
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synthesized chemokines secreted by naringin‑induced MSCs 
were identified. The Ras signaling pathway activity was 
selected as it associated with MSC migration. The aim of the 
present study was to provide novel candidate agents for clinical 
orthopedics and theoretical basis for the future improvement 
of adjunctive medication for bone fracture healing.

Materials and methods

Reagents. MSCs (cat. no.  HUXMA‑01001) and Human 
MSC basal culture medium (cat. no. HUXMA‑9001c) were 
purchased from Cyagen Biosciences, Inc. (Santa Clara, CA, 
USA). Naringin (Fig. 1) at a purity >95% (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) was dissolved in physi-
ological saline, according to the manufacturer's protocol. Ras 
inhibitor (Selleck Chemicals, Houston, TX, USA), a trans-
ferase inhibitor of GTPase HRas and GTPase KRas, was used 
at a concentration of 5 µM.

Isolation and culture expansion of human bone marrow 
MSCs. Adherent MSCs were trypsinized and passaged when 
the cell confluence reached ~80%. Cells at passages 3‑5 were 
used in the following experiments. Typically, these cells exhib-
ited the capacity of differentiation into osteoblasts, adipoblasts 
and chondrocytes.

Transwell migration assay. Cell migration was carried out 
with Transwell chambers (pore size, 8‑µm diameter; Costar; 
Corning Incorporated, Corning, NY, USA). Human MSC basal 
culture medium was added into the wells of a 24‑well plate 
and subsequently serum‑starved MSCs (1x105) suspended in 
100 µl of complete medium containing 0.1% FCS were added 
into the upper chamber. Prior to the addition of naringin, the 
Transwell plate, with MSCs in the upper chamber and medium 
containing 0.1% FCS only in the lower chamber, was first 
incubated at 37˚C for 1 h. Following the addition of naringin 
(1.0 or 10 µM) and the inhibitor (10 µM naringin + 5 µM 
inhibitor), the plate was incubated at 37˚C for 3 h, followed by 
membrane fixation with 4% paraformaldehyde and staining 
with 0.1% crystal violet at 25˚C for 20 min. The membrane 
was subsequently washed and the cells on the underside of the 
membrane were observed under a light microscope (magni-
fication, x400). Numbers of cells were counted in five to ten 
random fields of view for each membrane.

Cell scratch assay. Cell migration was determined using a 
scratch assay. The cells were cultivated to 90% confluence on 
12‑well plates at 25˚C and treated with naringin (0.1, 1.0 and 
10 µM), or controls (without naringin). In further experiments, 
MSCs were pretreated with 10 µM naringin. Following 6 h, 
the supernatant of the MSCs was extracted to culture a new 
batch of MSCs and a scratch assay was performed using a 1 ml 
micropipettor to form the scratch. The MSCs were recorded at 
0 and 6 h. Subsequently, cell scrapers (Corning Incorporated) 
were utilized to scratch the confluent cells. The extent of 
cellular growth was observed at 0 and 6 h. All experiments 
were repeated three times.

Western blotting. Cells were harvested and lysed in radioim-
munoprecipitation assay buffer (Cyagen Biosciences, Inc.) 

supplemented with protease inhibitors. Protein concentra-
tions were determined using a Novagen® Bicinchoninic Acid 
Protein Assay kit (Merck KGaA). Following determination 
of the concentration (5.534 µg/µl), protein samples (60 µg) 
were separated by 10% SDS‑PAGE and transferred to polyvi-
nylidene difluoride membranes. Membranes were blocked in 
5% skim milk for 1 h at 25˚C. And incubated with antibodies 
against guanosine‑5'‑triphosphate (GTP)‑Ras (cat. no. 16117; 
1:500; Active Ras Detection kit; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), Ras (cat. no. ab52939; 1:5,000; Abcam, 
Cambridge, UK), and β‑actin (cat. no. dc‑130301; 1:2,000; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), overnight at 4˚C. 
Following incubation with horseradish peroxidase‑conjugated 
goat anti‑rabbit secondary antibodies (cat. no. 31210; 1:5,000; 
Thermo Fisher Scientific, Inc.), immunoreactive proteins 
were visualized using a Pierce™ Fast Western Blot kit, ECL 
Substrate (cat. no.  35055; Thermo Fisher Scientific, Inc.). 
Fluorescence intensity was measured using the ImageQuant™ 
LAS4000 system (GE Healthcare, Chicago, IL, USA; measure-
ment parameter, high resolution). Relative quantification of 
the bands was performed using ImageJ software (version 5.0; 
National Institutes of Health, Bethesda, MA, USA).

Antibody array. Soluble proteins in the medium of the MSCs 
were measured using the Quantibody® Human Cytokine 
Array G1000 (RayBiotech, Inc.; cat. no. AAH‑CYT‑G1000), 
according to the manufacturer's protocol. Quantibody® arrays 
can detect 120 proteins. MSCs were plated 3 days prior to the 
experiment in Human MSC basal culture medium and were 
75‑90% confluent. The treatment group was stimulated with 
10 µM naringin and compared with the non‑stimulated culture 
for 7 days. The cell lysis solution was collected and filtered. 
Medium was also hybridized to the arrays and subsequently 
used for normalization. A total of 10 technical and biological 
replicates were conducted and demonstrated a very high posi-
tive correlation (Pearson correlation coefficient >0.9; data not 
shown). Hybridization was conducted overnight at 4˚C. All 
slides were scanned using the ImageQuant™ LAS4000 system 
and analyzed using GenePix Pro 6.0 software (Molecular 
Devices, LLC, Sunnyvale, CA, USA). The median score was 
used and averaged across triplicates for each array. The results 
were subsequently normalized using internal controls and the 
values for cytokines in clear medium containing 10% FBS 
were subtracted.

Bioinformatics analysis. The analysis of cytokine‑cytokine 
receptor interaction pathways were performed using the Kyoto 
Encyclopedia of Genes and Genomes database, (KEGG; 
https://www.kegg.jp/kegg/kegg2.html). The search function of 
the website was utilized to search for the cytokine‑cytokine 
receptor interaction of CXCL5, CXCL6 and CCL20 for the 
species of Homo sapiens.

Sta t is t ica l  ana lys is.  Ana lysis  of  va r iance and 
Student‑Newman‑Keuls test (one‑way analysis of variance) 
were used for data analysis. Data were presented as the 
mean ± standard deviation (n=3 for each experiment). P<0.05 
was considered to indicate a statistically significant difference. 
SPSS version 17.0 statistical software was utilized to analyze 
data (SPSS, Inc., Chicago, IL, USA).
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Figure 1. Naringin promotes the migration of MSC. (A) A scratch assay was conducted following treatment with different concentrations of naringin (0.1, 1.0 
and 10 µM), supernatant or control. The MSCs are shown at 0 and 6 h. Solid lines represent the baseline. (B) The migratory cells were counted and the results 
obtained from three independent experiments were presented as the mean ± standard deviation (n=3 in each experiment). *P<0.05. MSC, mesenchymal stromal 
cells.

Figure 2. Cytokine synthesis induced by naringin. The synthesis of cytokines in cells was measured using the Quantibody® array. The red squares indicate 
the positive controls, whereas the blue squares indicate the negative controls. The spots were measured by densitometry. After subtracting the negative control 
and normalization with the positive control, the spots of stimulated MSC were compared with the corresponding spots of the unstimulated MSC. MSC, 
mesenchymal stromal cells.
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Results

Effects of naringin on the migration of MSCs. A scratch assay 
was performed to investigate the effect of naringin on the 
migration of MSCs. The MSCs of all groups moved towards 
the blank area to a certain extent after 6 h, indicating a certain 
level of migration ability. Compared with the control group, 
MSCs cultured with 10 µM naringin significantly surpassed 
the baseline (P<0.05), indicating that the migration ability of 
MSCs increased with naringin stimulation (Fig. 1).

MSCs exhibit strong autocrine and paracrine functions (27) 
and, therefore, it was hypothesized that MSCs could alter 
the composition of the supernatant following treatment with 
naringin, making the supernatant a possible chemoattractant. 
The supernatant may have increased the migration of MSCs. 
Therefore, in another experiment, MSCs were pretreated with 
10 µM naringin. After 6 h, the supernatant of the MSCs was 
extracted to culture a new batch of MSCs and a scratch assay 
was performed. An increased number of MSCs from the 
supernatant treatment crossed the baseline compared with the 
group of MSCs directly cultured with naringin (P<0.05). The 
above results indicated that treatment with the supernatant 
could significantly increase the migration ability of MSCs 
(Fig. 1). The present study also aimed to determine whether 
MSCs could synthesize factors that promote cellular migration 
following treatment with naringin. An antibody array experi-
ment was subsequently conducted to identify these factors.

Effects of naringin on cellular chemokine synthesis by MSCs. 
To determine the influence of stimulation with naringin on 

human MSCs at the protein level, Quantibody® arrays were 
performed. The treatment group was stimulated with 10 µM 

Figure 3. Cytokine‑cytokine receptor interaction of cytokines synthesized by MSCs. (A) Following treatment with naringin, an increased cytokine synthesis of 
CXCL‑6, CCL‑20, M‑CSF, IGFBP‑1, IGFBP‑4 and CXCL5 was observed. (B) Cytokine‑cytokine receptor interaction between the synthesized cytokines. The 
differentially secreted cytokines are presented in their interaction pathway including IL‑8RB, IL‑8RA and CCR6 according to the cytokine‑cytokine receptor 
interaction pathway (04060 hsa) in the Kyoto Encyclopedia of Genes and Genomes database (red: significantly upregulated). ***P<0.001. CXCL, C‑X‑C motif 
chemokine; CCL, C‑C motif chemokine; IL‑8RB, C‑X‑C chemokine receptor type 2; IL‑8RA, C‑X‑C chemokine receptor type 1; CCR, C‑C chemokine 
receptor; IL8, interleukin‑8; MSC, mesenchymal stromal cells.

Figure 4. Naringin activates the Ras signaling pathway in MSCs. (A) Control 
1‑3 MSCs were maintained in the basal medium alone and 10 µM 1‑3 cells 
were cultured with 10 µM naringin. Experiments were performed in tripli-
cate and repeated 3 times. (B) Quantitative results of western blot analysis 
of Ras activity following treatment with naringin (10 µM). *P<0.05. GTP, 
guanosine‑5'‑triphosphate; MSC, mesenchymal stromal cells.
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naringin and compared with the non‑stimulated culture for 
7 days (Figs. 2 and 3).

Statistical analysis demonstrated identification of seven 
cytokines that were differentially synthesized between the two 
groups. Following treatment with naringin, an increased cyto-
kine synthesis (relative level, >1.5‑fold change) of C‑X‑C motif 
chemokine (CXCL)6, C‑C motif chemokine (CCL)20, macro-
phage colony‑stimulating factor (M‑CSF), insulin‑like growth 
factor‑binding protein (IGFBP)‑1, IGFBP‑4 and CXCL5 was 
observed (relative level, >1.5 fold change). Decreased cytokine 
synthesis (relative level, <0.5‑fold change) was observed for 
CCL28 (Fig. 3A).

Based on the search criteria for differential secretion used in 
the present study, Statistical analysis resulted in identification 
of three cytokines (relative level, >1.5‑fold control). Increased 
secretion of cytokines CXCL5, CXCL6 and CCL20 followed 
induction with naringin. The differentially secreted cytokines 
are presented in their interaction pathways, including IL‑8RB, 
IL‑8RA and CCR6 according to the cytokine‑cytokine 
receptor interaction pathway (hsa04060; https://www.kegg.
jp/kegg‑bin/show_pathway?hsa04060+6364) in the Kyoto 
Encyclopedia of Genes and Genomes database (Fig. 3B).

Naringin induces MSCs to activate the Ras signaling 
pathway and enhance MSC migration. To verify the 
hypothesis that the Ras signaling pathway of MSCs could 
be activated by treatment with naringin, western blot 
analysis was performed. Compared with the control group, 
the expression of GTP‑Ras in MSCs increased significantly 
following treatment with 10  µM of naringin (P<0.05). 
These results indicated that naringin could activate the Ras 
signaling pathway in MSCs (Fig. 4).

To investigate whether activation of the Ras signaling 
pathway could increase the migration of MSCs, a Transwell 
migration assay was performed. Compared with the control 

group, the number of MSCs migrating towards the other side 
of the membrane increased significantly following treatment 
with 1 or 10 µM naringin. However, following treatment with 
the Ras inhibitor, cell migration was significantly reduced 
compared with the group treated with 10 µM naringin. This 
result suggested that activation and inhibition of the Ras 
signaling pathway significantly enhanced and suppressed the 
migration of MSCs, respectively (Fig. 5).

Discussion

In the first scratch assay, it was observed that the migration of 
MSCs treated with an appropriate concentration of naringin 
was enhanced compared with the control group, suggesting 
that naringin promoted the migration of MSCs. In another 
experiment, the supernatant of MSCs induced with naringin 
was used to culture a separate batch of MSCs. The migration 
of MSCs treated with the supernatant was enhanced compared 
with that of the MSCs of the control group and the group 
directly treated with an identical concentration of naringin. 
The above results suggested that the supernatant may contain 
certain cytokines that promote MSC migration. Therefore, 
it was hypothesized that, following treatment with naringin, 
MSCs may synthesize certain cytokines to further enhance 
their mobility. However, this hypothesis requires further veri-
fication, since the present experiment did not control for all the 
potentially confounding variables.

To confirm whether the synthesis of specific cytokines 
by MSCs was enhanced following treatment with naringin, 
and to identify the cytokines responsible for enhancing the 
mobility of MSCs, a Quantibody® array was performed. The 
results demonstrated that the synthesis of CXCL5, CXCL6 
and CCL20 increased significantly. The CCL subfamily 
contains >20 members with two neighboring cysteine 
residues in the N‑terminal domain; these predominantly 

Figure 5. Activation Ras promotes MSC migration. Transwell migration assays were performed. MSCs were maintained in (A) the basal medium alone, 
(B) with 1 µM naringin, (C) with 10 µM naringin, or (D) with 10 µM naringin and Ras inhibitor. (E) The results were quantitatively analyzed. membranes were 
observed under a light microscope (magnification, x400). Results were obtained from three independent experiments and expressed as the mean ± standard 
deviation (n=3 in each experiment). *P<0.05. MSC, mesenchymal stromal cells.
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stimulate mononuclear cells and certain subpopulations of T 
cells (28). CCL20, also known as macrophage inflammatory 
protein‑3, exerts its function by binding to its receptor, C‑C 
chemokine receptor type 6 (29). CCL20 primarily stimulates 
dendritic cells and numerous types of immune cells, and 
may also regulate bone mass accrual (30). The characteristic 
molecular structure of the C‑X‑C motif subfamily consists 
of an amino acid between two cysteine residues at the 
N‑terminus (31). The C‑X‑C motif subfamily proteins are 
produced by activated mononuclear cells, endothelial cells, 
fibroblasts and megakaryocytes, and the majority of members 
can stimulate neutrophils, T cells and B cells (32‑34). CXCL5, 
also known as epithelial‑derived neutrophil‑activating 
peptide 78, is primarily produced by cells upon stimulation 
by interleukin‑1 or tumor necrosis factor‑α  (35). Studies 
have shown that CXCL5 secretion affects differentiation and 
migration of MSCs (36). CXCL6, also known as granulocyte 
chemotactic protein 2, exerts its stimulatory effect on white 
blood cells and promotes angiogenesis and antibacterial 
activity by interacting with chemokine receptors C‑X‑C 
chemokine receptor type (CXCR)1 and CXCR2 (37). CXCL6 
also induces angiogenesis and promotes tumor growth (38). 
The above studies suggested that differentially secreted 
chemokines in naringin‑induced MSCs may affect MSCs 
and other associated cell types, including immune cells, in 
the bone fracture microenvironment. Naringin may promote 
MSC migration by stimulating chemokine synthesis and 
secretion. Increased concentrations of chemokines in the 
bone fracture microenvironment may in turn promote the 
directional migration of MSCs and associated cells. Further 
experiments are required to elucidate the specific roles of 
individual chemokines during MSC migration. Subsequent 
studies should investigate the role of naringin in the promo-
tion of MSC osteogenic differentiation.

The present study also aimed to identify the signaling 
pathways that regulate MSC migration using the Quantibody® 
assays. The differentially secreted cytokines (insulin‑like 
growth factor‑binding protein and M‑CSF) were involved in 
the transmission of the Ras signaling pathway (39,40). This 
indicated that the Ras signaling pathway may regulate stem 
cell migration. Therefore, the authors of the present study 
hypothesized that naringin may facilitate MSC migration 
by activating the Ras signaling pathway. To test this hypoth-
esis, western blotting experiment were conducted to detect 
expression of relevant proteins in naringin‑induced MSCs. 
The results indicated that following treatment with naringin 
GTP‑Ras content in MSCs significantly increased. The expres-
sion level of GTP‑Ras represents the activation of Ras (24) 
and, therefore, the results of the present study indicated that 
naringin can be considered a stimulator of the Ras signaling 
pathway in MSCs. In subsequent experiments, MSCs were 
treated with a Ras inhibitor and the Transwell assay revealed 
that MSC migration was significantly decreased compared 
with the group treated with 10 µM naringin. The above results 
indicated that naringin activated the Ras signaling pathway, 
thereby promoting MSC migration.

In the present study, a preliminary analysis of the 
Quantibody® array results was performed, and these results 
require further verification. Several of the results merit further 
study. For example, CCL‑5 also serves a role in the nuclear 

factor‑κB signaling pathway (41). It can be hypothesized that 
naringin may affect this signaling pathway. However, whether 
this signaling pathway is activated or inhibited requires 
experimental confirmation. The nuclear factor‑κB signaling 
pathway serves an important role in MSC differentiation into 
mature bone (42) and, therefore, its activity under the effects 
of naringin should be further investigated to advance the 
understanding of the molecular mechanism by which naringin 
affects MSCs.
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