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Troxerutin (TRX), a semi-synthetic derivative of the natural bioflavonoid rutin, is a bioactive
flavonoid widely abundant in various fruits and vegetables. Known as vitamin P4, TRX has
been demonstrated to have several activities including anti-inflammation, anti-oxidants,
vasoprotection, and immune support in various studies. Although rutin, the precursor of
troxerutin, was reported to have a protective role against bone loss, the function of TRX in
skeletal system remains unknown. In the present study, we found that TRX promoted
osteogenic differentiation of human mesenchymal stem cells (MSCs) in a concentration-
dependent manner by stimulating the alkaline phosphatase (ALP) activity, calcium nodule
formation and osteogenic marker genes expression in vitro. The further investigation
demonstrated that TRX stimulated the expression of the critical transcription factor
β-catenin and several downstream target genes of Wnt signaling, thus activated Wnt/
β-catenin signaling. Using a femur fracture rats model, TRX was found to stimulate new
bone formation and accelerate the fracture healing in vivo. Collectively, our data demonstrated
that TRX could promote osteogenesis in vitro and facilitate the fracture healing in vivo,
indicating that TRX may be a promising therapeutic candidate for bone fracture repair.
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INTRODUCTION

Fractures are the most common orthopedic problems often caused by accidental damages. About
seven million people suffered from fractures in the United States each year and the average citizen in
the developed country may expect to sustain at least one fracture during their lifetime (Praemer et al.,
1999). Delayed healing and nonunion of fracture are common phenomena in clinical practices. A
prospective cohort study involving 736 patients with an open long bone fracture showed that
nonunion occurred in 17% of the patients, and delayed healing occurred in 8% (Westgeest et al.,
2016). More importantly, delayed healing and nonunion are more common phenomena in the
elderly patients for they have a lower capacity of mesenchymal progenitor cell division and
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differentiation (Kasper et al., 2009; Foulke et al., 2016). Therefore,
how to improve the bone healing and regeneration potential is
imperative to the patients. Mesenchymal stem cells (MSCs), as a
progenitor cell of osteoblast, have been widely used in bone
regeneration (Chamberlain et al., 2007). And systemic and
local administration of allogeneic bone marrow-derived MSCs
promoted fracture healing in rats (Ghasroldasht et al., 2018).
Stimulating osteogenic differentiation of MSCsmay be a potential
therapeutic strategy for bone repair and regeneration.

Traditional Chinese herbs have been used for thousands of
years, and many natural products have been reported to reduce
bone loss (Freires et al., 2017). Troxerutin (TRX) is a bioactive
flavonoid widely abundant in various fruits and vegetables (Lu
et al., 2011). As a semi-synthetic derivative of the natural
bioflavonoid rutin, TRX is also known as vitamin P4, which
has been demonstrated to exert anti-oxidant, anti-inflammatory,
and anti-cancer activities (Farajdokht et al., 2017; Shu et al., 2017;
Yang et al., 2018; Zamanian et al., 2021). The precursor rutin was
reported to have a protective role against bone loss (Xiao et al.,
2019), but its usage is very limited due to the poor aqueous
solubility and low bioavailability (Zhang et al., 2010). Considering
that TRX has high aqueous solubility and validated chemical
stability, it may have more beneficial to preventing osteoporosis
and promoting bone regeneration.

In the present study, it was demonstrated that TRX promoted
the osteogenic differentiation of human MSCs in vivo and
improved new bone formation and accelerated the fracture
healing in vivo. Wnt/β-catenin signal transduction is crucial
for maintaining the homeostasis of bone mass. It is well
established that this signaling play a significant role in the
regulation of osteogenic differentiation and bone development
(Duan and Bonewald, 2016). Our further investigation showed
that the expression of the critical transcription factor β-catenin
and several downstream target genes of Wnt signaling was
significantly up-regulated by TRX, which led to the activation
of Wnt/β-catenin signaling. Therefore, TRX could promote
osteogenesis in vitro and facilitate the fracture healing in vivo
via activating Wnt/β-catenin signaling, indicating that TRX may
be a promising therapeutic candidate for bone fracture repair.

MATERIALS AND METHODS

Cell Culture and Induction of Osteogenesis
Human bone marrow-derived mesenchymal stem cells (MSCs)
were isolated from bone marrow according to the previous
studies (Zhang et al., 2011; Feng et al., 2018). Briefly, bone
marrow was aspirated from a healthy 38 year-old male donor
with formal consent and approval by the local ethics committee.
The isolated cells were cultured in a-minimum essential medium
(α-MEM, Invitrogen, Carlsbad, CA, United States),
supplemented with 10% fetal bovine serum (FBS, Gibco,
United States) and 1% penicillin-streptomycin (Gibco) in a
humidified atmosphere containing 5% CO2 at 37°C. The
osteogenic differentiation of MSCs was induced by the
classical inducers including 10 nM dexamethasone (Sigma-
Aldrich, St. Louis, MO, United States), 50 μg/ml ascorbic acid

(Sigma-Aldrich), and 10 mM glycerol 2-phosphate (Sigma-
Aldrich) as described previously (Sun et al., 2015). The
differentiation medium was replaced every 3 days. TRX was
purchased from Aladdin (Shanghai, China) and dissolved in
0.1% DMSO for usage 0.1% DMSO was used as control.

Cell Viability Assays
The humanMSCs were seeded in 96-well plate at density 1.5 × 104

per well for 24 h, then treated with different concentrations of TRX
(from 0 to 200 µM). After incubated for 24, 48, and 72 h, the
methylthiazolyl tetrazolium (MTT) assays were performed. The
MTT solution (0.5 mg/ml) was added, and after 4 h, the deposition
was dissolved with 100 µL DMSO. The absorbance was measured
at the wavelength of 570 nm using Spectramax Gemini dual-
scanning microplate reader (Molecular Devices, United States).

Alkaline Phosphatase Activity and Alizarin
Red S Staining Assays
The human MSCs were treated with TRX in the osteogenic
induction medium (OIM) for 7 days, then the cells were
collected, qualitative, and quantitative examination of ALP
activity were carried out according to the protocol of BCIP/
NBT Alkaline phosphatase Color Development Kit (Beyotime,
Shanghai, China). For the alizarin red S staining, the TRX-treated
MSCs were incubated in OIM for 14 days, and washed with PBS
twice and fixed with ice-cold 75% ethanol for 15 min. The MSCs
were then stained with 2% Alizarin Red S staining solution (pH
4.2, Leagene, Beijing, China) for 30 min. The stained calcified
nodules were dissolved with 10% Hexadecylpyridinium chloride
monohydrate (Sigma-Aldrich) at room temperature and then the
absorbance was detected at the wavelength of 562 nm.

RNA Extraction and Quantitative
Polymerase Chain Reaction Examination
Total RNA was extracted by the Animals Total RNA Isolation Kit
(FOREGENE, Chengdu, China) according to the manufacture’s
instruction. After the concentration and purity of total RNA were
measured by Nanodrop (Thermo Fisher Scientific), cDNA was
reversely transcribed from RNA samples by PrimeScript™ RT
Reagent Kit (TaKaRa, Japan). The PowerUp™ SYBR™ Green
Master Mix (Thermo Fisher Scientific) was applied for the qPCR
examination using the LightCycler 480 system (Roche, Basel,
Switzerland). The relative fold changes of candidate genes were
analyzed by using the 2−ΔΔCt method. The house-keeping gene
GAPDH was served as internal control. Primer sequences used in
qPCR examination were displayed in Table 1.

Luciferase Assays
The hMSCs were seeded into six well at the density of 2 × 104 for
24 h. Cells grown to 70–80% confluence were transiently
transfected with TOPFlash and PGMLR-TK by using the
Lipofactamine™ 3,000 Reagent (Invitrogen). About 24 h later,
the cell culture medium that contains TRX (100 μM, 200 μM)
was added. After 2 days incubation with TRX, the cells were
harvested and lysed for measuring the luciferase activity with
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Bright-GloTM luciferase Assay System (Promega) following the
manufacturer’s instruction.

Western Blotting
Total protein was extracted by RIPA Lysis and Extraction Buffer
(Thermo Fisher Scientific) supplemented with the protease
inhibitor cocktail (Roche). And the nuclear and cytoplasmic
protein were isolated by the Nuclear and Cytoplasmic Protein
Extraction Kit (KeyGEN, Nanjing, China) according to the
manufacturer’s instructions. The protein was qualified by the
BCA assay kit (Thermo Fisher Scientific). Then the soluble
protein was separated by SDS-PAGE (10%) and transferred to
PVDF membranes. The membranes were then blocked with 5%
skimmed milk and probed with the following antibody: β-catenin
(1:1,000; Cell Signaling Technology, United States) or GADPH (1:
2,000; Cell Signaling Technology, United States). After incubation
with the appropriate secondary antibody conjugated with HRP (1:
1,000 dilution), the chemiluminescence (ECL, Hangzhou, China)
was applied to visualize the bands.

Rat Femoral Fracture Model
Twenty-four Sprague-Dawley rats (male, 12-week-old) were
purchased from the Laboratory Animal Research Centre,
Southern Medical University. Animal ethics was approved by
the Institutional Animal Care and Use Committee (IACUC) of
Southern Medical University (Guangzhou, China). The modified
rat closed transverse femoral fracture model was applied in this
study (Nyman et al., 2009; Liang et al., 2019). Briefly, the surgery
was carried under general anesthesia (40 mg/kg ketamine and
4 mg/kg xylazine) and sterile condition. A 2-cm incision was
made in the lateral aspect of right thigh, the osteotomy was
made with an electric saw at the middle site of the femur, and
then the femur was fixed with Kirschner’s needle penetrated into
medullary cavity. Animals were randomly divided into four groups
(n � 6 per group): surgery without any treatment (Blank); femur
fracture with 0.1% DMSO treatment group (Control); femur
fracture with a low dose injection of TRX (100 µM); and femur
fracture with a high dose of TRX (200 µM). TRX was administered
intramuscularly every other day after surgery. X-rays radiography
was taken to determine the status of fracture healing at week 4 and
6. At week 4 and 6 after surgery, animals were randomly selected to
sacrifice and the femurs were collected for further analyses.

Micro-Computer Tomography Scanning
The fractured femur was examined using a high-resolution
micro-CT instrument (SkyScan1172, Bruker, German). The

samples were scanned by the procedure with a source voltage
of 70 keV, current of 80 µA, and 9 µm isotropic resolution. The
region of interest (ROI) for scanning was set at 2.2 mm up and
below of the fracture plate. Two-dimensional data obtained from
the scanned femur were applied for the three-dimensional
reconstruction and several morphometric parameters including
trabecular bone volume (BV), tissue volume (TV), Bone surface
(BS), BV/TV and BS/TV were calculated using the CT-VOX
software (CtAN, Bruker, German).

Bone Histomorphometry and
Immunohistochemistry Staining
All femurs were initially fixed with 10% formalin for 72 h,
followed by decalcification in 10% EDTA solution for 2 weeks.
The samples were cut into 5 µm thick sections and stained with
hematoxylin and eosin (H and E) according to the previous study
(Molvik and Khan, 2015). The femurs were sliced along the long
axis in the coronal plane for the bone-fracture study. IHC staining
was performed as previously reported (Sun et al., 2015).
Secretions were incubated with primary antibodies of
osteocalcin (OCN, 1:100, abcam13418), osterix (OSX, 1:100,
ab22552) and β-catenin (1:100; Cell Signaling Technology)
overnight at 4°C. The horse-radish peroxidase-streptavidin
system (Dako, United States) was applied for IHC signal
detection, followed by counterstaining with hematoxylin.
Finally, the images were captured under the Positive
Fluorescence Microscope (Olympus BX53F, Japan). The
analysis of the positive-stained cell area was performed using
NIH ImageJ software.

Data Analyses
At least triplicates were taken in each experiment and the data
were recorded as the mean ± SD. Student’s t test and One-way
ANOVA were used for statistically analysis between inter-groups
analyses, and a p-value of less than 0.05 was considered
statistically significant.

RESULTS

TRX Exhibited No Significant Inhibitory
Effects on Cell Viability of Human MSCs
In this study, we firstly examined the inhibitory effects of TRX on
cell proliferation of human MSCs. By using MTT examination,
TRX, its chemical structure showed in Figure 1A, exhibited no

TABLE 1 | Primers for qRT-PCR examination.

Forward Reverse

Runx2 GACAAGCACAAGTAAATCATTGAACTACAG GTAAGGCTGGTTGGTTAAGAATCTCTG
OPN CTGAAACCCACAGCCACA TGTGGAATTCACGGCTGA
OSX GCCAGAAGCTGTGAAACCTC TGATGGGGTCATGGTGTCTA
Cmyc TTCGGGTAGTGGAAAACCAG CAGCAGCTCGAATTTCTTCC
CD44 TCAGAGGAGTAGGAGAGAGGAAAC GAAAAGTCAAAGTAACAATAACAGTGG
Survivin AGGACCACCGCATCTCTACAT AAGTCTGGCTCGTTCTCAGTG
GAPDH TCCATGACAACTTTGGTATCG TGTAGCCAAATTCGTTGTCA
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significant inhibitory effects on cell viability of human MSCs,
even with the concentration of 200 µM (Figures 1B–D),
suggesting it has low cytotoxicity to MSCs.

TRX Promoted Osteogenic Differentiation
of MSCs
To investigate the effects of TRX on osteogenesis, TRX-treated
MSCs were induced to differentiate into osteoblast. ALP activity,
an early marker of osteogenic differentiation, was monitored at
day 7. As shown in Figure 2A (up-panel) and 2B, TRX treatment
enhanced the ALP activity in a dose-dependent manner from 0 to
200 µM. The ARS staining examination also confirmed that TRX
promoted calcium nodule formation at day 14, consistent with
ALP activity (Figure 2A down-panel and 2C). Based on the
results of ALP activity and ARS staining, TRX with the
concentration of 100 and 200 µM were selected for further
investigation. We next examined the expression of osteogenic
markers, including OSX, Runx2, and OPN by qRT-PCR
examination; and the results showed that they were
significantly up-regulated by 100 and 200 µM TRX, especially
by 200 µM TRX (Figure 2D).

TRX Induced the Activation of Wnt/
β-Catenin Signaling in Human MSCs
Considering that Wnt/β-catenin signaling plays a pivotal role in
regulating osteoblast differentiation and bone formation, we
wondered whether this signaling was involved in TRX-
mediated osteogenesis. As shown in Figure 3A, the luciferase

activities of the Wnt/β-catenin signaling reporter TOPflash were
significantly promoted by TRX. And the expression of total
β-catenin, the key regulator of Wnt signaling, was promoted
by TRX treatment at protein level (Figure 3B). It is well known
that β-catenin accumulates in the nucleus and stimulates Wnt/
β-catenin signaling and regulates gene transcription. We
therefore examined the expression of intranuclear β-catenin
and intracytoplasmic β-catenin, and the results showed that
intranuclear β-catenin were significantly increased in TRX
treated MSC cells (Figures 3B,C). Furthermore, several
downstream target genes of Wnt/β-catenin signaling such as
Cmyc, CD44, and Survivin were examined, and they were
obviously up-regulated by TRX (Figure 2D). All of these data
suggest that TRX induced the activation of Wnt/β-catenin
signaling during the osteogenic differentiation via stimulating
the translocation of β-catenin from the cytoplasm to the nucleus.

TRX Accelerated Bone Fracture Healing in
vivo
To further evaluate whether API could enhance fracture healing
in vivo, a rat fracture model was established and TRX were locally
injected into the fracture sites every other day (Figure 4A). The
broken bones were monitored by X-rays examination and the
results showed that the gaps between the fracture sites almost
disappeared in TRX treated groups while it also remained clearly
visible in control groups, especially in the 200 µM TRX treated
groups (Figure 4B). We also statistically evaluated the callus and
the results showed that the thickness of newly formed callus was
significantly improved by TRX administration at week 4 and 6

FIGURE 1 | TRX had no significant effect on cell viability of MSCs. (A) The chemical structure of TRX. (B–D) The cell viability of TRX was examined by MTT after
treating with TRX for 24, 48, and 72 h *, p < 0.05; **, p < 0.01; vs. Control.
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(Figures 4C,D). These data indicated that the fracture healing
process was accelerated in TRX treated animals.

TRX Promoted the New Bone Formation
in vivo
We next investigated the bone formation during the fracture sites
using micro-CT scanning, and images were reconstructed by
three-dimensional modeling system. As shown in Figures 5A,B,
more mineralized calluses were observed in the TRX-treated
groups when compared with their respective control groups at
week 4 and 6. In addition, the bone volume (BV), tissue volume
(TV), and bone surface (BS) were recorded, and the data showed
that they were significantly increased by TRX treatment at week 4
and 6 (Figures 5C,D). The ratios of BV/TV and BS/TV also
exhibited a significant increase in the TRX-treated groups at week
4 and 6 (Figures 5C,D), indicating more newly formed bone with
TRX treatment. We further evaluated the newly formed bone
tissues by histological examination, the H and E staining showed
that more osteoblasts were converged at the fracture sites of TRX
treatment groups, suggesting more active bone regeneration in

TRX groups (Figures 6A,B). Moreover, the OCN and OSX
expression in the animal tissues was evaluated by
immunohistochemistry staining. Representative micrograph
images showed that positive staining of OCN and OSX was
increased in TRX-treated groups (Figures 7A,B,
Supplementary Figure S1), indicating the promoting effect of
TRX on bone formation. We also investigated the β-catenin
expression around the fracture sites, and the results showed
that it was promoted by TRX in animal specimens
(Supplementary Figure S2).

DISCUSSION

Delayed healing and nonunion of fracture are the common
orthopaedic diseases, which bring enormous burdens to
patients and health care systems (Kostenuik and Mirza, 2017).
Although a variety of approaches have been discovered to
promote fracture healing, there are currently no approved
pharmacological agents for the treatment of established
nonunions and delayed healing of fracture (Bigham-Sadegh

FIGURE 2 | TRX promoted osteoblast differentiation of MSCs. (A) Qualitative examiation of ALP staining and ARS staining. (B) The quantitative assay of ALP
activity. (C) The quantitative assay of ARS staining. (D) The quantitative assay of OD value. (E) The expression of several osteogenic marker genes was measured by
qRT-PCR assays at day 14. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. Control.
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FIGURE 3 | TRX induced the activation ofWnt/β-catenin signaling. (A) The normalized luciferase activity of TOPflash. (B) The expression of β-catenin in TRX-treated
MSCss were examined by Western blotting. (C) Quantitative analyses of β-catenin expression. (D) The expression of several downstream targets of Wnt/β-catenin
pathway were examined by qRT-PCR assays. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. Control.

FIGURE 4 |Quantitative analyses of osteophyte thickness by X-ray radiography. (A) The diagram of the femoral fracture model in rat. (B) X-ray images were taken
during the fracture healing processes at week 4 and week 6. (C–D) The osteophyte thickness of the newly formed bone was analyzed at week 4 (C) and week 6 (D). n �
6; *, p < 0.05; vs. Control.
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and Oryan, 2015; An et al., 2016). Series of natural products
derived from traditional Chinese medicine (TCM) have
demonstrated to benefit fracture healing, which brings a new
sight for the treatment (Zhang et al., 2009; Piao et al., 2019). In the
present study, TRX, a kind of natural flavone which derived from
various fruits and vegetables, was found to promote osteogenesis
in vitro and accelerate bone formation in vivo, suggesting that it
may be a promising activator to bone repair.

As a derivative of the natural bioflavonoid rutin, TRX has been
reported to have anti-oxidant, anti-inflammatory and anti-cancer
properties (Horcajadamolteni et al., 2010; Lu et al., 2011).
Although there is no study on the effects of TRX in
musculskeletal system, its precursor rutin was reported to have
a protective role against bone loss (Xiao, et al., 2019). In the
present study, TRX was found to promote osteogenic
differentiation of MSCs by ALP activities, calcium nodule

FIGURE 5 | TRX improved the quality of new callus by micro-CT examination. (A–B), Micro-CT examination of the femur fractured zone after 4 and 6 weeks
treatment of TRX. (C–D), The statistical diagram of BV, TV, BV/TV, and BS/TV. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. Control.
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formation and osteogenic marker genes expression. On the other
hand, the cytotoxicity of TRX is a question worthy of our concern
because serious cytotoxicity could inhibit its clinical application.
Our study showed that TRX, even with the concentration of
200 µM, has mild inhibitory effect onMSCs viability. The striking
osteogenic effects combined with low cytotoxicity make TRX to
be a promising strategy for fracture patients.

As well known, Wnt/β-catenin signaling is crucial for
embryonic development and tissue homeostasis (Aline et al.,

2013). A number of evidence have demonstrated that this
signaling plays key regulatory roles in cellular differentiation
and matrix formation during skeletal development and
formation (Chen et al., 2007; Aline et al., 2013). The
activation of canonical Wnt/β-catenin signaling cascade is
significant for the bone formation and regeneration (Duan and
Bonewald, 2016; Tian et al., 2018); and the agonist of this
signaling has been proved to accelerate the bone repair in the
early stage of fracture healing (Hong, et al., 2019). In this study,

FIGURE 6 | TRX promoted fracture healing by H and E staining assays. HE staining assays for the fracture sites at week 4 (A) and week 6 (B).

FIGURE 7 | The expression of OSX and OCNwas promoted in TRX-treated groups by immunohistochemistry (IHC) examination. The expression of OSX and OCN
at the fracture sites was evaluated by IHC staining at week 4 (A) and week 6 (B).
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we found that the expression of intranuclear β-catenin and
several downstream target genes of Wnt/β-catenin was up-
regulated by TRX, indicating the activation of Wnt/β-catenin
signaling in TRX-mediated osteogenesis.

To further verify the in vivo effect of TRX, an established
femoral fracture model was applied (Nyman et al., 2009; Liang
et al., 2019). 12-week-old (3 months) adult rats were selected to
establish this fracture model because the animals of this age
have been mature, and stopped growing and developing. Once
the fracture happened, it needs a long time to self-healing
which facilitate to evaluate the TRX’s effects. In our study, TRX
was locally injected into fracture sites to stimulate the healing
process. The results showed that TRX administration could
promote the new bone formation and stimulate the fracture
healing based on the X-ray examination, micro-CT scanning,
and HE staining. More specially, we observed more blood
vessels in the fracture zones of TRX-treated groups.
Angiogenesis, the formation and remodeling of new blood
vessels, plays a pivotal role in bone development (Sivaraj and
Adams, 2016; Diomede et al., 2020). As is widely reported,
osteogenesis is coupled with angiogenesis during bone
regeneration and formation (Carano and Filvaroff, 2003;
Kusumbe et al., 2014). Therefore, new blood vessel
formation is essential during both primary bone
development as well as fracture repair in adults35. In the
HE staining images, we observed many like-blood vessels in
the TRX-treated tissues. We therefore hypothesized that TRX
accelerated bone fracture healing through promoting
osteogenesis and stimulating blood vessel formation. The
function of TRX on angiogenesis will be deeply examined in
near future.

In summary, our results demonstrated that TRX could
promote osteogenic differentiation in vitro and accelerate
fracture healing in vivo. And the underlying mechanism
investigation showed that the activated Wnt/β-catenin
signaling involved in the TRX-mediated bone regeneration.
TRX thereby may be considered as a potential agonist of Wnt/
β-catenin signaling to develop the bone-protective therapeutic
strategy for the clinical practice.
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