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Abstract

Introduction. Naringenin, a dihydro-flavonoid compound that shows chemotactic activity, may have a good
application prospect in repairing bone tissue, but its specific mechanism in bone regeneration, especially the
osteogenic differentiation of stem cells, needs for a further study. The aim of this study was to investigate the
effect of naringenin on the osteogenic differentiation and its roles in the C-X-C chemokine receptor type 4/stromal
cell-derived factor 1 (SDF-1/CXCR4) signal pathway of bone marrow-derived mesenchymal stem cells (BMSCs).
Material and methods. BMSCs were harvested from the femurs and tibias of 4-to-6-week-old male Sprague-Daw-
ley rats. Cell Counting kit-8 assay was used to determine cytotoxicity of naringenin. Alkaline phosphatase (ALP)
activity was measured in cell’s precipitates and alizarin-red staining was performed to determine the osteogenic
differentiation capacity of the BMSCs. Real-time polymerase chain reaction, enzyme-linked immunosorbent
assay and western blotting were adopted to determine the expression of genes and proteins.

Results. The cellular morphology was spindle-shaped, and arranged in radial and whorled patterns. The flow
cytometric analysis have confirmed the presence of characteristic surface proteins in the harvested BMSCs.
Different concentrations (0-200 wg/ml) of naringenin have no influence on the viability and proliferation rate
of the BMSCs. The highest ALP activity was found at culture day 7 and 9 when the concentration of naringenin
was 75 and 100 ug/ml. Positive red or dark red stained cells with mineralized nodules can be observed on day
14. The expression of ALP, Runt-related transcription factor 2, CXCR4 and SDF-1¢ at the gene and protein
levels in naringenin-treated cells were significantly higher than those in the control cells. Moreover, AMD3100,
an inhibitor of CXCR4, suppressed the expression of the studied genes and proteins.

Conclusions. Naringenin does not show toxic effect on BMSCs. Naringenin promotes the expression of the SDF-1«
gene and protein via the SDF-1/CXCR4 signaling pathway. A better understanding of the mechanisms of narin-
genin action would be helpful for developing specific therapeutic strategies to improve bone regeneration after
injuries. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 66-73)
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stem cells (BMSCs) holds a great potential, which
would greatly affect the human health by a way of
providing the possibility to repair tissues injury [1, 2].
BMSCs, the first important components and regula-
tors to be found in bone marrow, produce hematopoi-
etic-supporting stromal cells and form the hematopoi-
etic niches for hematopoietic stem cells [3, 4].
Chemokines are the important regulators of BM-
SCs. The SDF-1/CXCR4 signaling pathway ap-
pears important in maintaining proliferation and
survival of BMSCs by improving cellular migration,
remodeling and survival in response to stress [5, 6].
In bone remodeling, the SDF-1/CXCR4 signaling
pathway regulates the osteogenic differentiation of
the BMSCs, the expression of osteogenic protein
such as ALP, OCN and OSX and the formation of
osteoblasts. It is also closely related to bone mor-
phogenic protein 2 signaling [7]. CXCR4-knockout
mice showed the reduction in bone formation and
the osteogenic differentiation of BMSCs [8, 9]. The
osteogenic effect of SDF-1/ CXCR4 signaling can be
further enhanced by other molecules such as hypox-
ia-inducible factor (HIF) family members, resulting
in strong synergistic effects on the bone remodeling
and regeneration [10].

Although chemokines can be synthesized chemical-
ly, the expensive cost limits their clinical application.
Naringenin (4’,5-7 trihydroxydihydroflavone, Fig. 1),
widely present in fruits such as orange, pomelo,
and drynaria, is a dihydro-flavonoid compound that
shows chemotactic activity [11] and other biological
effects such as anti-inflammatory, antioxidative,
anticancer and antiadipogenic activities [12—15],
and is also shown to have anti-osteoporotic and
anti-osteolytic effects [16]. Several experiments have
shown that naringenin could reduce the osteolytic
activities of osteoclasts, and improve the osteogenic
differentiation and mineralization effects of the
osteoblasts in osteolysis-related diseases [16-20].
The aim of the study was to investigate the effect

Figure 1. The chemical structure of naringenin [38].
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of naringenin on the osteogenic differentiation of
BMSC:s and its role in the SDF-1/CXCR4 signaling
pathway.

Materials and methods

Isolation, culture and identification of BMSCs. All exper-
iments with the use of animals were conducted under the
Guidelines for Animal Experimentation and were approved
by the Ethics Committee of Southwest Medical University
(Luzhou, China, Certificate N0.201812-25). BMSCs were
harvested from the femurs and tibias of 4-to-6-week-old
rats as previously reported [21]. Briefly, rats were killed
with chloral hydrate, and the tibia and femur were obtained.
The bilateral epiphyseal end of the bone was cut by scissors,
and then the D-Hank’s solution (Solarbio, Beijing, China)
containing 10% fetal bovine serum (FBS, Sijiqing, Hang-
zhou, China) was extracted by syringe to wash the bone
marrow cavity.

Cells were incubated in F-12 medium (Gibco, Grand Island,
NY, USA) with 10% FBS and 1% antibiotics (100 U/mL
penicillin and 100 wg/mL streptomycin, HyClone, South
Logan, UT, USA) in a 37°C humidified atmosphere with
5% CO, in air. When the monolayer reached approximately
80% confluence, cells were passaged. Then, the passages 2
through 3 (P2-P3) cells were used for this study.

After the second passage, cells were characterized by flow
cytometry for the expression of the BMSCs surface antigens,
such as CD29, CD34, CD45 and CD90. After that the cells
cultured with lipogenic induction medium (a-MEM, FBS,
penicillin-streptomycin solution, IBMX, dexamethasone,
indometacin, insulin (all from SigmaAldrich, St. Louis, MO,
USA) were stained with Oil Red O at day 12 to identify lipid
vacuoles, and the cells cultured with osteogenic induction
medium (a-MEM, FBS, penicillin-streptomycin solution,
sodium S-glycerophosphate, vitamin C and dexamethasone;
all from SigmaAldrich) were stained with Alizarin Red on
day 14 to characterize osteogenic activities.

Cell Counting kit-8 (CCK-8) viability assay. To detect the po-
tential cytotoxicity of naringenin on the BMSCs, the CCK-8
assay was performed [22]. A set of classic osteogenesis
inducers group was used as positive control. The culture
medium was used as negative control. BMSCs were incu-
bated with different naringenin concentrations of 0, 6.25,
12.5, 25, 50, 75, 100, 200 wg/ml. Rat BMSCs at passage 2
were transferred to 96-well plates at 1 x 10%well density.
When the cells reached 80% confluence, different reagents
were added by categorization. On day 2, 10 ul of CCK-8
reagents (Dojindo-Kumamoto, Japan) were added to each
well. The optical density (OD) at 450 nm wavelength was
measured by a Varioskan Flash enzyme-labeled instrument
(Thermo Fisher, Waltham, MA, USA). Cell viability was then
calculated based on OD values.
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Quantification of alkaline phosphatase (ALP) activity.
ALP quantification assay was performed to determine the
osteogenic differentiation capacity of BMSCs in the control
and experimental groups on day 3, 5, 7 and 9 [23]. BMSCs
were placed in 24-well plates at a cell density of 5 x 104
/well. After being cultured for the indicated time, the cells
were centrifuged in a centrifuge tube and lysed by 0.1% Tri-
tonX-100 (Beyotime, Shanghai, China). After the cells were
sufficiently lysed, the cells were centrifuged at 13,000 rpm
for 5 min. Then the supernatant was proceeded according
to the manufacturer’s instruction of ALP activity assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, Chi-
na). The OD value was measured at the 520 nm wavelength.

Alizarin red staining. BMSCs were placed in 35 mm Petri
dishes at a cell density of 5 x 105/well. When the cells
reached 80% confluence, the culture medium was trans-
ferred to the control groups, 100 uwg/ml naringenin group,
100 wg/ml naringenin + AMD3100 antagonist group and
classical osteogenic induction group. 14 days later, cells were
stained with alizarin red dye (Sangon, Shanghai, China).

Real-time polymerase chain reaction (RT-qPCR). Induction
cells in each group were digested with trypsin and centri-
fuged, and the precipitates were collected on day 7. The
total RNA was extracted by Trizol reagent (Ambion, Austin,
TX, USA) and converted to cDNA (TAKARA, Mountain
View, CA, USA). Real-time RT-PCR was performed using
a SYBR Green PCR Kit (Kapa Biosystems, Wilmington,
MA, USA). The primer sequences were shown in Table 1.

Enzyme-linked immunosorbent assay (ELISA). The concen-
trations of SDF-1a and CXCR4 proteins in the cell superna-
tants were measured by ELISA (Bioswamp, Wuhan, China)
according to the manufacturer’s instructionsonday 1,3,5and 7.

Western blotting. The cells in each group were lysed with
RIPA lysis buffer (Beyotime, Shanghai, China), after induced

Table 1. The primers sequences used for RT-qPCR

Gene Primer Sequence
SDF-1a-F TTGTCTCAACCCTGAAGCCC
SDF-1a-R TGCCCGTTGAGGTACAGGAG
CXCR4-F CCTCCTCCTGACTATCCCTGA
CXCR4-R CGAACTCACATCCTTGCTTG
ALP-F CTACCACTCGGGTGAACCA
ALP-R AGCTGATATGCGATGTCCTT
Runx2-F AACTTCCTGTGCTCCGTGCT
Runx2-R TCGTTGAACCTGGCTACTTGG
GAPDH-F CAAGTTCAACGGCACAG
GAPDH-R CCAGTAGACTCCACGACAT
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for 7 days to obtain the total protein. Then, the BCA protein
test kit was used to measure the total protein concentration.
Equal amounts of cell extracts (20 ug/lane) separated by 10%
SDS-PAGE and proteins were transferred to PVDF mem-
branes. After being sealed with 5% skim milk overnight at
4°C, the membranes were incubated with primary antibodies
overnight at room temperature. The antibodies used were as
following: rabbit anti-Alkaline Phosphatase (1: 1000, Abcam,
Cambridge, MA, USA), mouse anti-Runt-related transcrip-
tion factor 2 (RUNX2) (1: 1000, Abcam), rabbit anti-SDF-1/
/CXCL12 (1: 1000, CST, Danvers, MA, USA), rabbit an-
ti-CXCR4 polyclonal antibody (1: 1000, Invitrogen, Carls-
bad, CA, USA), rabbit anti-GAPDH (1:1000, Bioswamp).
Horseradish peroxidase (HRP)-goat anti-rabbit IgG
(1: 20000, Bioswamp) and HRP-rabbit anti-mouse IgG
antibody (1: 20000, Bioswamp) were used as secondary anti-
bodies for one hour at room temperature. We used glyceral-
dehyde 3-phosphate dehydrogenase as the internal control.

Statistical analysis. All the experimental data were expressed
asmean * standard deviation (SD) from three independent
experiments. Analysis of variance (ANOVA) is used for data
analysis by the SPSS software (SPSS Inc., Chicago, IL, USA),
p values < 0.05 were defined as statistically significant.

Results

Culture and identification of BMSCs

The cells appeared in sphere shape during the first
two days. At day 6, the cells were spindle-shaped and
bipolar, occasionally multipolar (Fig. 2A). After pas-
sage of the cells, cellular morphology became uniform,
spindle-shaped, and arranged in radial and whorled
patterns (Fig. 2B).

The phenotypic cells of BMSCs were identified by
flow cytometry. BMSC-associated markers such as
CD29 (99.08%) and CD90 (96.06%) were positive.
The cells lacked the expression of hematopoietic
markers (CD45 and CD34) (Fig. 2C). In the cell cycle
assay, G1 cells accounted for 87.91% of all cells, and
S-phase cells fraction was 8.22%, given the ratio G2/
/G1 equaled to 1.90. This indicated that most of the
cells were at rest, which was one of the characteristics
of stem cells (Fig. 2D).

At day 14, the alizarin-red positively stained red
or dark-red cells with mineralized nodules can be
observed (Fig. 2E). At day 12, large lipid vacuoles
stained with Oil Red O were observed in the BMSCs
cultures (Fig. 2F). Thus, after 2 weeks of culture
BMSCs showed both osteogenic and adipogenic dif-
ferentiation potential. Experimental results showed
that the cells obtained are BMSCs, which are of high
purity, and meet the requirements of subsequent
experiments.
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Figure 2. Culture, identification and characterization of rat BMSCs. A. BMSCs morphology on day 6 (40x). B. The mor-
phology of the cells became uniform, spindle-shaped, with well-defined cytoplasm after passage 2 (40x). C. Flow cytometry
results showed that the cells were positive for MSCs specific markers (CD29, CD90), and negative for hematopoietic markers
(CD34, CD45). D. In the cell cycle assay by flow cytometry, G1 cells accounted for 87.91%, and S-phase cells fraction was
8.22%, given the ratio G2/G1 equaled to 1.90. E. Alizarin Red staining was used to demonstrate mineralized nodules in
BMSC:s cultured with osteogenic induction fluid on day 14 (40x). F. Large lipid vacuoles were observed in BMSCs cultured
with lipogenic induction medium at day 12 via Oil Red O assay (100X).

Cell viability and osteogenic differentiation of BMSCs
To explore the possible naringenin toxicity, the cellu-
lar viability was quantified for different concentrations
of naringenin. In the experimental groups, no signif-
icant difference in cell viability was found between
6.25-200 pg/ml at day 2 (Fig. 3A). Thus, different
concentrations of naringenin did not influence the
viability and proliferation rate of the BMSCs.
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Within the experimental groups, the trend of each
group at different time points was the same, and it
showed a time-dependent increase on days 3, 5, 7
and 9. The ALP activities in cell’s precipitates of
75, 100 pg/ml naringenin group were the highest
at each time points, and the difference between
the two groups was not statistically significant
(Fig. 3B).
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Figure 3. Cell viability and osteogenic differentiation of BMSCs. A. Different concentrations of naringenin have no influence
on the viability and proliferation rate of the BMSCs as measured by CCK-8 assay. B. High ALP activity was found at the
concentration of 75 and 100 ng/ml of naringenin on days 3, 5, 7, and 9. Results are means = standard deviation (SD), and
similar data were obtained from three independent experiments (n = 3). The activity of ALP was measured in arbitrary units
as described in Methods. *p < 0.05 vs. the culture medium group (one-way ANOVA followed by Tukey’s test).

The role of naringenin in the SDF-1/CXCR4 signaling
pathway

To explore the effects of naringenin on the SDF-1
/CXCR4 signaling pathway, CXCR4 antagonist
AMD3100wasadded to BMSCsincubated with 100ug/ml
naringenin. More mineralization nodules were noted in
100 pwg/ml naringenin group when compared with the
classic osteogenic induction and culture medium groups
(negative control). However, the alizarin red staining
was suppressed in AMD3100 + 100 ug/ml naringenin
group when compared with 100 wg/ml naringenin and
classic osteogenic induction groups (Fig. 4A).

The expression of ALP, RUNX2, CXCR4 and SDF-1a
genes in cells incubated with naringenin, measured
by RT-qPCR, were significantly higher than those in
the cells of negative control. However, after adding
AMD3100 to naringenin-treated cells, the expression
of these genes were significantly suppressed (Fig.
4B). Similar results of SDF-1a and CXCR4 proteins
by ELISA were found at different time lines, such as
those onday 1, 3, 5, and 7 (Fig. 4C, D). The results of
the expression of ALP, RUNX2, CXCR4 and SDF-1«
proteins measured by western blot were similar to the
expression of their respective genes (Fig. 4E).

Discussion

Naringenin has many pharmacological activities,
and has become one of the flavonoids concerned by
scientists in many areas of biological and biomedical
studies. With the further study of naringenin, it is
found that naringenin has obvious effect on bone
defect repair. Kaczmarczyk-Sedlak et al. [16] found
that adding naringenin to the diet of Wistar rats
could improve the symptoms of osteoporosis and the
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morphological manifestations of bone tissue after
ovarian removal showing that naringenin has obvious
anti-osteoporosis and anti-osteolysis effects in bone
tissue repair. In addition, naringenin, the aglycone of
naringin, is the most common form in serum after oral
administration of naringin because naringin can be
metabolized into absorbable naringenin by intestinal
flora [24]. It is also reported that naringenin exhibited
higher antioxidant capacity and hydroxyl and super-
oxide radical scavenger efficiency than naringin [12].
SDF-1/CXCR4 signaling pathway plays an important
role in preserving the bone marrow stem cells in bone
marrow and regulating the release of stem cells from
bone marrow to peripheral circulation [25]. CXCR4
signals the stem cells migration during fracture heal-
ing. It participates in bone repair and regeneration
by inducing cellular migration and regulating differ-
entiation [9]. SDF-1 is induced in the periosteum of
injured bone, and it promotes endochondral bone
repair and regeneration by recruiting BMSCs to the
site of injury [26, 27]. However, the role of the SDF-1/
/CXCRA4 signaling pathway in osteogenic differenti-
ation induced by naringenin is unknown.

It was previously shown that the highest ALP activity
was found after day 8 in the naringenin group, which
was confirmed by our results [28]. Cellular viability
assay showed no significant toxicity among the experi-
mental groups at concentration between 0~200 wg/ml.
Guo-Yong Y et al. [29] reported that treatment at
the optimal concentration (50 ug/mL) for rat BMSCs
increased mRNA levels of osteogenic genes (ALP,
BSP, and cbfal). In our study, the highest ALP activity
value was found at day 7 and 9 at the naringenin con-
centration of 75 and 100 ug/ml. Therefore, we chose
100 ug/ml over 7 days for our subsequent experiments.
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Figure 4. The role of naringenin in the SDF-1/CXCR4 signal pathway. A. Each group was stained with Alizarin Red on day 14.
(40%). B. The expression of osteogenic genes in naringenin groups was upregulated at the mRNA level as assessed by RT-qPCR
when compared with culture medium group (p < 0.05). C. The expression of CXCR4 protein in BMSCs induced by naringenin
was higher than the culture medium group as measured by ELISA (p < 0.05). D. The expression of SDF-1a protein measured
by ELISA in supernatants of naringenin-induced BMSCs was suppressed as compared with culture medium group. E. Suppres-
sion of ALP, RUNX2, SDF-1a, and CXCR4 proteins in BMSCs induced by naringenin were detected by Western blotting.
Results are means = standard deviation (SD), n = 3; *p < 0.05 vs. culture medium group, #*p < 0.05 vs. NAR + AMD3100
group. Abbreviations: NAR — naringenin; AMD3100, an antagonist of SDF-1/CXCR4 signaling.

This study further examined the role of SDF-1/ of CXCR4 to SDF-1, and blocks signal transduction
/CXCRA4 signaling pathway in the BMSCs osteogen- along the SDF-1/CXCR4 axis.

ic differentiation by using the CXCR4 antagonist In this study, the mineralized nodules were signifi-
AMD3100. CXCR4 antagonists include AMD3100 cantly decreased after adding AMD3100 to BMSCs
and T140 [30, 31]. AMD3100 inhibits the binding treated with naringenin, when compared with the
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osteogenic induction group and naringenin group.
It suggested that AMD3100 might suppress the
effect of naringenin in osteogenic differentiation
by blocking the SDF-1/CXCR4 signaling pathway
in BMSCs. The measurements of the expression of
CXCR4 and SDF-1a genes and proteins showed that
it increased over the induction time in the experi-
mental groups. Naringenin promoted the expression
the SDF-1a gene and synthesis of protein in the early
stage of osteogenic differentiation in BMSCs. Study
has showed that the SDF-1 was upregulated at the
fracture site and ischemic site after femoral bone
transplantation in a mice model [32]. Kawakami et
al. [5] found that bone healing was delayed by de-
creasing the callus formation in CXCR4-deficient
mice. An in vitro study showed that overexpression
of SDF-1a in human BMSCs might promote osteo-
genic differentiation and osteoblastic angiogenesis
by upregulating the osteogenic-related proteins,
such as ALP, RUNX2, osteocalcin, and p-Smadl/5s,
and angiogenesis-related protein such as CD31
[33]. In the present study, naringenin regulated the
SDF-1/CXCR4 signaling pathway by increasing the
expression of SDF-1, and increased osteogenic dif-
ferentiation of BMSCs. SDF-1 and CXCR4 activate
a series of downstream signaling pathways, including
extracellular signal-regulated kinases (ERK) 1/2 [34]
and phosphoinositide 3-kinases/protein kinase B
(PI3K/AKT) [35]. Naringin was shown to enhance
osteogenic differentiation by activating ERK signa-
ling pathway in human BMSCs [36] and PI3K/AKT
signaling pathway in osteoblasts [37]. Naringenin
might act on the same pathway and regulate the
downstream pathways (ERK1/2 and PI3K/AKT) to
induce osteogenesis. In addition, it was found that
naringenin exerted its protective effects by inhibiting
osteoclastogenesis and osteoclast bone resorption
[19, 20]. Therefore, naringenin might have thera-
peutic potentials for a range of bone diseases such
as osteoporosis, repairing of bone defects, alveolar
bone resorption and other.

In summary, we found that naringenin does not
have toxic effects on BMSCs. Naringenin promoted
the expression of the ALP, RUNX2, SDF-1a and
CXCR4 genes and proteins via the SDF-1/CXCR4
signaling pathway. A better understanding of the
molecular mechanisms of naringenin activity will be
beneficial in developing specific therapeutic strate-
gies to improve bone repair after injuries.
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