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Abstract

Excessive and chronic inflammation can cause osteogenic dysfunction and disrupt the balance of the 
osteoimmune microenvironment, thereby increasing the risk of fracture non-union. Urolithin A (UA), a 
gut microbiota-derived metabolite produced from dietary sources, has been reported to inhibit RANKL-
induced osteoclastogenesis and alleviate postmenopausal osteoporosis. However, the effect of UA on 
osteogenesis, particularly under pathogenic inflammatory conditions, remains unclear. In this study, mouse 
bone marrow-derived mesenchymal stromal cells (mBMSCs) were used to evaluate osteogenesis in vitro, and 
RAW 264.7 cells were used as macrophages in vitro. Tumour necrosis factor (TNF)-α was used to establish 
an inflammatory environment. In vivo, a mouse femur fracture model with local TNF-α injection was estab-
lished, and UA or vehicle was administered by intragastric gavage. The UA showed no obvious effect on cell 
viability at concentrations ranging from 0 to 10 μM and had no direct effect on the osteogenic differentia-
tion of mBMSCs. TNF-α treatment significantly decreased the expression of osteogenesis-related genes and 
proteins and inhibited calcium deposition, whereas UA reversed this inhibitory effect in a dose-dependent 
manner. Mechanistically, UA inhibited activation of the TNF-α-induced nuclear factor-κB signalling pathway. 
Furthermore, UA reduced pro-inflammatory cytokine levels and inhibited type-1 macrophage polarisation 
under TNF-α-induced inflammatory conditions. Conditioned medium derived from RAW 264.7 cells stim-
ulated with TNF-α after UA treatment promoted the osteogenic differentiation of mBMSCs. In vivo, local 
administration of TNF-α significantly impaired bone fracture healing in the mouse femur fracture model, 
whereas intragastric supplementation with UA improved fracture healing and reduced pro-inflammatory 
responses. Collectively, these findings demonstrated that UA alleviates osteogenic dysfunction through inhibi-
tion of the nuclear factor-κB signalling pathway and regulation of macrophage-mediated inflammation under 
TNF-α–induced inflammatory conditions, thereby promoting osteogenesis and fracture healing.
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Popular scientific summary
• � Urolithin A (UA) had not direct effect on the osteogenic differentiation of BMSCs.
• � UA alleviated osteogenic disfunction through NF-κB pathway and inhibited inflammation and M1 

macrophage polarization in TNF-α induced inflammatory environments to promote osteogenesis.
• � UA improved impaired bone fracture healing caused by chronic inflammation in vivo.
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Bone delayed union and non-union are serious com-
plications of fractures and represent challenging 
problems in clinical orthopaedics. The incidence 

of non-union ranges from 1.9 to 4.9%, although this var-
ies considerably across different countries and regions (1, 
2). High-energy injury, patient age, infection, diabetes 
mellitus, obesity, non-steroidal anti-inflammatory drug 
use, and smoking have been investigated as major aeti-
ological factors contributing to non-union (3). Fracture 
healing is a complex and continuous process that includes 
haematoma formation and inflammatory responses, and 
involves both intracellular and extracellular signalling 
pathways (4). The microenvironment of the fracture hae-
matoma plays a crucial role in regulating bone healing. 
An immune response occurs within the fracture haema-
toma, where bone mesenchymal stromal cells (BMSCs) 
and macrophages constitute the two most important cell 
types involved during fracture healing (4). Early and low-
level inflammatory responses are beneficial and necessary 
for promoting fracture healing (5). However, excessive 
and persistent inflammatory conditions caused by bacte-
rial infections or systemic diseases, such as diabetes and 
osteoporosis, can inhibit bone formation and easily lead 
to fracture non-union (6, 7). Therefore, regulating the 
balance of the immune microenvironment and promot-
ing osteogenesis within the fracture haematoma under 
inflammatory conditions represent important therapeutic 
strategies and research directions for enhancing fracture 
healing and preventing fracture non-union.

Urolithin A (UA) is a natural gut microbiome-derived 
metabolite produced from ingested ellagitannins and 
ellagic acid, which are present in dietary products, such 
as pomegranates, strawberries, raspberries, and walnuts 
(8, 9). UA belongs to the family of urolithins and is 
characterised by a chemical structure containing an 
α-benzo-coumarin scaffold (9) (Fig. 1a). Recent research 
has suggested that UA administration exerts significant 
beneficial effects in various diseases, including ageing (10), 
cardiovascular diseases (11), Alzheimer’s disease (12, 13), 
inflammatory bowel disease (14), diabetes mellitus (15), 
and non-alcoholic fatty liver disease (16), among others. 
Furthermore, several preclinical human studies have 
shown that UA significantly increases muscle strength 
and provides protection against age-related conditions 
(17, 18). These effects are mainly attributed to the physi-
ological actions of UA, which enhance cellular health by 
increasing mitophagy and mitochondrial function while 
reducing detrimental inflammation (17, 19).

Within the musculoskeletal system, UA has demon-
strated protective effects in postmenopausal or age-related 
osteoporosis (20, 21), osteoarthritis (22, 23), and interver-
tebral disc degeneration (24, 25). UA has also been shown 
to significantly inhibit receptor activator of nuclear fac-
tor-κB ligand (RANKL)-induced osteoclastogenesis and 

attenuate systemic inflammation (26–28). However, bone 
mass regulation depends on the dynamic balance between 
osteoblast (OB)-driven bone formation and osteo-
clast (OC)-driven bone resorption (6, 29). The effects 
and mechanisms of UA on osteogenesis, particularly in 
inflammatory bone healing models, have not yet been 
fully explored. Furthermore, the potential role of UA 
in modulating the interaction between osteogenesis and 
macrophage polarisation remains unknown.

Materials and methods

Reagents and antibodies
Urolithin A (UA, #SJ-MN0067) was obtained from 
Sparkjade (Shandong, China) and dissolved in dimethyl 
sulfoxide (MedChemExpress) at a concentration of  20 
mM. TNF-α (MedChemExpress) was used to estab-
lish an inflammatory environment in vitro. Antibodies 
against GAPDH (#2118), RUNX2 (#12556), p-P65 
(#3033), P65 (#8242), p-IκBα (#2859), IκBα (#4812), 
p-JNK (#4668), JNK (#9252), p-ERK (#4370), ERK 
(#4695), p-P38 (#4511), and P38 (#9212) were pur-
chased from Cell Signalling Technology (MA, USA). 
The antibody against iNOS (#bs-0162R) was obtained 
from Bioss (USA). Antibodies against OPN (#0806-6), 
SP7 (#HA722817), and COL1A1 (#HA722517) were 
obtained from HUABIO (Hangzhou, China). The anti-
body against IL-1β (#HY-P80720) was purchased from 
MedChemExpress.

Cell extraction, culture, and differentiation
Mouse-derived BMSCs (mBMSCs; #MUBMX-01001) 
were purchased from Cyagen Biosciences Inc. (Guangzhou, 
China) and had been previously authenticated. RAW 264.7 
cells were obtained from Procell Biotechnology (Wuhan, 
China). mBMSCs were cultured in α-MEM medium 
(Procell) supplemented with 10% foetal bovine serum 
(FBS, SA101.02; Cellmax, Beijing, China), while RAW 
264.7 cells were cultured in Dulbecco’s modified eagle 
medium (DMEM)/high-glucose medium supplemented 
with 10% FBS. For osteogenic differentiation, mBMSCs 
were cultured in osteogenic induction medium (OIM) as 
previously described (30), which consisted of low-glucose 
DMEM supplemented with 10% FBS and three addi-
tives: dexamethasone (100 nM), ascorbic acid (0.2 mM), 
and β-glycerophosphate (10 mM) (MedChemExpress).  
mBMSCs were seeded in 6- or 12-well plates and cultured 
in OIM with or without UA and TNF-α (10 ng/mL).  
The OIM was replaced every 2 days.

Cell viability assay
A CCK-8 assay was performed to evaluate cell prolifer-
ation. Briefly, cells were seeded in 96-well culture plates 
and incubated with UA for 1, 2, and 3 days. Subsequently, 
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Fig. 1.  UA has not direct effect on osteogenic differentiation of BMSCs. (a) The chemical structure of UA. (b) CCK-8 assay was 
utilized to assess the cell viability of BMSCs of UA on 1, 2 and 3 days. (c) The osteogenic related proteins were measured by west-
ern blot after 5 days OIM. (d) The quantitative analysis of western blot assay. (e) ARS staining of BMSCs after 25 days OIM. 
Scale bar, 100 μm. (f) The statistical results of quantitative ARS staining. (g) ALP staining of BMSCs after 7 days OIM. Scale 
bar, 100 μm. (h) The statistical results of quantitative ALP activity. All of the experiments were independently accomplished by 
three times. * P < 0.05, ** P < 0.01 compared to the control group.
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10 μL of CCK-8 reagent (Beijing Boxbio Science & 
Technology Co., Ltd.) was added to each well and incu-
bated for 2 h. The absorbance was measured at 450 nm 
using a microplate reader.

Alkaline phosphatase staining and activity assay
After 7 days of  osteogenic differentiation, alkaline 
phosphatase (ALP) staining was performed using an 
ALP staining kit (Beyotime Biotechnology) according 
to the manufacturer’s instructions. For ALP activ-
ity measurement, activity was assessed using an ALP 
assay kit (Beyotime), and the total protein content in 
each well was determined using a BCA protein assay 
kit (Beyotime).

Alizarin red staining and quantification assay
After 25 days of osteogenic differentiation, mBMSCs were 
fixed with 4% paraformaldehyde (PFA) for 15 min. The 
cells were then washed three times with PBS and ddH2O 
and stained with Alizarin Red solution (0.5%, pH 4.1–4.2; 
Cyagen Biosciences Inc.) for 20 min. To quantify stain-
ing intensity, the stained mineralised nodules were incu-
bated with 10% cetylpyridinium chloride (#SJ-MA0234, 
Sparkjade). The resulting solution was collected, and 
absorbance at 570 nm (A570) was measured using a 
microplate reader.

Quantitative real-time polymerase chain reaction 
Total RNA was extracted from cultured cells using 
RNAex Pro RNA reagent according to the manufac-
turer’s protocol. First-strand cDNA was synthesised 
using the SPARKscript II RT Plus Kit (with gDNA 
Erase), and real-time polymerase chain reaction 
(PCR) analyses were performed using 2× SYBR Green 
qPCR Mix. The mRNA expression levels of  the target 
genes were normalised to those of  the housekeeping 
gene GAPDH. The primer information is presented in 
Table 1.

Western blot analysis
Cells were lysed on ice using RIPA buffer containing 
phosphatase and protease inhibitor cocktails (M5293, 
AbMole, USA). Equal amounts of protein were separated 
by 10% polyacrylamide gel and transferred onto polyvi-
nylidene fluoride membranes (KeyGEN BioTECH). The 
membranes were blocked for 1 h with 5% non-fat milk. 
Subsequently, the membranes were incubated overnight 
at 4°C with the primary antibodies. Horseradish perox-
idase-conjugated anti-rabbit IgG was used as the sec-
ondary antibody. Chemiluminescence (Thermo Fisher 
Scientific, USA) was used to detect the signals, which 
were quantified by densitometric analysis using ImageJ 
software.

Enzyme-linked immunosorbent assay 
Inflammatory cytokines in the culture medium of RAW 
264.7 cells were measured by enzyme-linked immunosor-
bent assay (ELISA) using Mouse IL-1β (#SEKM-0002) 
and IL-6 (#SEKM-0007) kits (Solarbio, Beijing, China) 
according to the manufacturer’s protocol.

Immunofluorescence staining
After treatment for the indicated time, cells were fixed with 
PFA for 15 min. The cells were then permeabilised with 0.05% 
Triton X-100 for 15 min and blocked with 2% bovine serum 
albumin for 30 min. The fixed cells were washed and incu-
bated overnight with the primary antibody. Subsequently, 
the cells were incubated with fluorescence-conjugated 
secondary antibodies (Beijing LABLEAD Inc.) for 1 h, and 
the nuclei were stained with DAPI (Beijing LABLEAD Inc.) 
for 10 min. The samples were observed under a fluorescence 
microscope (Leica, Wetzlar, Germany).

In vivo evaluation in animals
Animal experiments were approved by the Ethics 
Committee of Peking University Third Hospital and were 
performed in accordance with the guidelines of the World 

Table 1.  Sequences of primers for real-time quantitative PCR analysis

Gene name Forward Primer (5‘→3‘) Reverse Primer (5‘→3‘)

Col1a1 GCCGCAAAGAGTCTACATGT CTTCTTGGCCATGCGTCAG

Runx2 CACCTCGAATGGCAGCACGCTA GCCGCCAAACAGACTCATCCA

Sp7 CCTAAGGGGCACAGCTCGTCT TGCATGTCCCACCAAGGAGTAGG

Ocn CAGTATGGCTTGAAGACCGC GACATCCATACTTGCAGGGC

Opn ATCTCACCATTCGGATGAGTCT TGTAGGGACGATTGGAGTGAAA

Alp GACCACGGACATCATGAGGGTA ACCGAATGTGAAAACGTGGGAAT

iNOS AAACCCCTTGTGCTGTTCTC GTCTCTGGGTCCTCTGGTCA

CD86 ATGGACCCCAGATGCACCA CTGTGCCCAAATAGTGCTCG

IL-1β TGGAGAGTGTGGATCCCAAG GGTGCTGATGTACCAGTTGG

IL-6 ATAGTCCTTCCTACCCCAATTTCC GATGAATTGGATGGTCTTGGTCC

GAPDH GGCAAATTCAACGGCACAGTCAAG TCGCTCCTGGAAGATGGTGATGG
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Medical Association (WMA) Statement on Animal Use. 
A mouse femur transverse fracture model was established 
following our previous study (31). TNF-α (100 ng/mL) 
was used to create an inflammatory environment (5). 
Briefly, 15 male mice aged 6 weeks were randomly divided 
into three groups (femur fracture + PBS, femur fracture 
+ TNF-α, and femur fracture + TNF-α + UA). Firstly, 
the mice were anaesthetised by inhalation of 2–5% isoflu-
rane, and anaesthesia was maintained with 2% isoflurane 
inhalation during surgery. A lateral incision was made 
over the femur, and the muscle was bluntly dissected to 
expose the femur. The patella was then dislocated, and 
a sterile 25-gauge needle was inserted into the femoral 
shaft and subsequently retracted. A transverse fracture in 
the middle of the femur was created using a micro wire 
saw. The needle was then positioned through the femur 
to stabilise the fracture section at the middle and lower  
segments, created using a custom-made three-point 
bender. Subsequently, a volume of 20 μL TNF-α (100 ng/mL)  
or normal saline (NS) was injected locally at the fracture 
site on days 0, 2, 4, and 6. UA (50 mpk) or an equal volume 
of NS was administered by gavage daily for 1 month after 
surgery. All mice were sacrificed 1 month after surgery, 
and the samples were collected and fixed in 4% PFA for  
48 h at room temperature.

Micro-CT and radiographic analysis
The femurs of all mice were scanned and imaged using 
micro-CT (Bruker SkyScan1176, Billerica, MA) under the 
following parameters: 70 kVp; reconstruction matrix, 1,024; 
slice thickness, 14.8 μm; and exposure time, 300 ms. Bone 
volume analysis was subsequently performed within the 
region extending 1 mm above and below the fracture ends.

Histological evaluation and immunohistochemical staining
The fixed femur samples were decalcified and embedded 
in paraffin. Haematoxylin and eosin (H&E) staining, 
Masson’s trichrome staining, and immunohistochemistry 
were performed for micromorphological analysis accord-
ing to the manufacturers’ protocols. A scoring scale based 
on cortical debridement and healing acceleration was 
used for histological quantification (31) (Table 2). All 
evaluations were conducted in a triple-blind manner.

Data and statistical analysis
Statistical analysis was performed using Prism (version 
8.0; GraphPad Software, San Diego, CA). All experiments 
were conducted at least three times, and the data were 
presented as the mean ± standard deviation. Differences 
between two groups were analysed using the two-tailed 
Student’s t-test. For comparisons involving more than 
two groups, one-way analysis of variance followed by 
Bonferroni post hoc tests was used. In all analyses, 
P < 0.05 was considered to indicate statistical significance.

Results

UA has no direct effect on the osteogenic differentiation of 
BMSCs
The chemical structure of UA is shown in Fig. 1a. Firstly, 
the effect of UA on the viability of mBMSCs was assessed 
using a CCK-8 assay. No significant effect on cell prolif-
eration was observed at UA concentrations ranging from 
0 to 10 μM, whereas a concentration of 20 μM exhibited 
an obvious inhibitory effect on cell proliferation (Fig. 1b). 
Therefore, concentrations ranging from 0 to 10 μM were 
used in the subsequent experiments. We then evaluated 
the direct effect of UA on osteogenesis. BMSCs were 
induced with OIM in the presence of different concentra-
tions of UA (0, 1, 5, and 10 μM). After 5 days of OIM 
induction, the expression of osteogenesis-related genes 
(Supplementary Fig. 1) and proteins (Fig. 1c, d), including 
COL1A1, RUNX2, SP7, OPN, ALP, and OCN, showed 
no significant differences compared to the control group. 
In addition, Alizarin red staining (ARS) staining (Fig. 
1e, f) and ALP staining (Fig. 1g, h) also showed no sig-
nificant differences following UA treatment. These results 
indicated that UA has no direct effect on the osteogenic 
differentiation of BMSCs.

UA alleviated osteogenic dysfunction of BMSCs caused by TNF-α-
induced inflammation
A prolonged and excessive inflammatory microenvi-
ronment can impair osteogenesis during bone fracture 
healing. To explore further the mechanism of UA in 
osteogenesis under an inflammatory environment, TNF-α 
(10 ng/mL) was used to create an inflammatory condition 
during the osteogenic differentiation of BMSCs. ARS 
and ALP staining revealed that TNF-α treatment sig-
nificantly inhibited calcium deposition and ALP activity 
in BMSCs. However, UA reversed this inhibitory effect 

Table 2.  Histological evaluation scoring scale of fracture healing

Histological evaluation sites Scores

No bridging, no woven bone 0

No bridging, a small amount woven bone 1

No bridging, obvious initial woven bone near 
fracture

2

No bridging, marked woven bone near and around 
fracture site

3

Bridging of at least one of the cortices, marked 
woven bone near and around fracture site

4

Bridging of at least one of the cortices, marked and 
complete woven bone around fracture site

5

Bridging of both cortices, and/or some resolution of 
the woven bone

6

Clear bridging of both cortices and resolution of 
the woven bone

7
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in a dose-dependent manner (Fig. 2a–d). To evaluate 
further the expression of osteogenesis-related genes 
and proteins during osteogenic differentiation under 
TNF-α stimulation, Western blotting, immunofluores-
cence, and qRT-PCR assays were performed. Western 
blot analysis revealed that the expression levels of osteo-
genic-specific proteins, including COL1A1, RUNX2, 
and SP7, decreased significantly under TNF-α-induced 
inflammatory conditions after 7 days of OIM induction, 
whereas UA treatment alleviated this decrease in BMSCs 
(Fig. 2e). Consistently, qRT-PCR results also showed that 
the expression of osteogenesis-related genes increased follow-
ing UA treatment under TNF-α-induced inflammatory 
conditions (Fig. 2f). Furthermore, immunofluorescence 
analysis of COL1A1 and RUNX2 expression showed 
similar results (Fig. 2g). These findings indicated that UA 
can alleviate osteogenic dysfunction of BMSCs caused by 
TNF-α-induced inflammation.

UA inhibited TNF-α-induced activation of the NF-κB signalling 
pathway during the osteogenic differentiation of BMSCs
To investigate further the potential mechanism of UA 
during osteogenic differentiation under TNF-α-induced 
inflammatory conditions, the key proteins of the MAPK 
and NF-κB signalling pathways associated with inflam-
matory stimulation were measured by Western blot anal-
ysis. BMSCs were cultured in OIM with or without UA 
under TNF-α stimulation for 0, 10, 30, and 60 min. The 
expression levels of phosphorylated p65 (p-p65) and phos-
phorylated IκBα (p-IκBα) were significantly decreased by 
UA treatment under TNF-α-induced inflammatory con-
ditions after 30 min (Fig. 3a, b), whereas the expression 
levels of total p65 and IκBα showed no significant differ-
ences. Immunofluorescence results further showed that 
p-p65 exhibited significant nuclear translocation under 
TNF-α stimulation, whereas UA treatment reduced the 
nuclear translocation of p-p65 (Fig. 3c). In addition, the 
expression levels of key proteins in the MAPK signalling 
pathway, including P38, JNK, and ERK, did not show 
obvious differences following UA treatment (Fig. 3d, e). 
These results suggested that UA inhibits TNF-α-induced 
activation of the NF-κB signalling pathway during the 
osteogenic differentiation of BMSCs.

UA alleviated pro-inflammatory levels and type-1 macrophage 
(M1) Activation under a TNF-α-induced inflammatory 
microenvironment
Osteoimmunomodulation mediated by immune cells, 
particularly macrophages, plays a pivotal role in osse-
ointegration by releasing active factors that improve the 
inflammatory microenvironment. To evaluate the immu-
nomodulatory capacity of UA under inflammatory 
conditions, RAW 264.7 cells were used as macrophages 
in vitro. Firstly, a CCK-8 assay was performed to evaluate 

the effect of UA on cell viability. The results showed that 
UA at concentrations ranging from 0 to 10 μM had no 
significant effect on cell proliferation (Fig. 4a). Next, 
the expression levels of inflammatory cytokines and M1 
markers were measured following UA treatment under 
TNF-α stimulation using ELISA, Western blotting, qRT-
PCR, and immunofluorescence assays. The levels of the 
pro-inflammatory cytokines IL-1β and IL-6 increased 
significantly after TNF-α stimulation, whereas UA treat-
ment inhibited this effect in a dose-dependent manner 
(Fig. 4b, c). Similarly, the expression levels of M1 mark-
ers, including iNOS and CD86, were markedly increased 
by TNF-α stimulation, and UA partially alleviated this 
increase (Fig.  4d, e). Immunofluorescence analysis also 
showed that the increased expression of iNOS induced 
by TNF-α was inhibited by UA treatment, with a signif-
icant difference observed (Fig. 4f, g). These results indi-
cated that UA can effectively alleviate the expression of 
pro-inflammatory cytokines and M1-related proteins 
induced by TNF-α treatment.

Conditioned medium from RAW 264.7 cells treated with UA 
under TNF-α stimulation promotes osteogenesis of mBMSCs
We previously demonstrated that UA could inhibit 
M1 activation and downregulate pro-inflammatory 
responses induced by TNF-α. Therefore, we further 
explored the effect of  UA-treated RAW 264.7 cells 
on the osteogenesis of  mBMSCs using an indirect 
co-culture assay. RAW 264.7 cells were cultured with 
or without UA under TNF-α stimulation. The CM, 
comprising RAW 264.7 culture medium and OIM at 
a ratio of  1:1, was prepared and applied to induce 
osteogenesis in mBMSCs. To eliminate the potential 
bias caused by different UA concentrations, the final 
UA concentration in the CM was kept identical among 
the groups. The osteogenic capability of  mBMSCs cul-
tured in CM was assessed by qRT-PCR, ARS staining, 
and ALP staining. The expression levels of  osteogen-
esis-related genes were significantly downregulated 
in the TNF-α-induced CM without UA, compared to 
the blank group, whereas TNF-α-induced CM with 
UA partially reversed this effect (Fig. 5a). In addi-
tion, ARS and ALP staining showed similar results. 
CM from TNF-α-stimulated RAW 264.7 cells treated 
with UA significantly increased calcium nodule depo-
sition and ALP activity compared to CM from TNF-
α-stimulated RAW 264.7 cells without UA (Fig. 5b, c). 
These findings indicated that CM derived from RAW 
264.7 cells treated with UA under TNF-α stimulation 
promotes osteogenic differentiation and calcium depo-
sition. This result further suggested that the osteoim-
munomodulatory effect of  UA can influence BMSCs 
and promote osteogenesis under a TNF-α-induced 
inflammatory microenvironment.
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Fig. 2.  UA alleviated osteogenic dysfunction of BMSCs caused by TNF-α induced inflammation. (a, b) ARS staining of BMSCs 
after 25 days OIM and quantitative result. Scale bar, 100 μm. (c, d) ALP staining of BMSCs after 7 days OIM and ALP activity 
quantitative result. Scale bar, 100 μm. (e) The osteogenic related proteins were measured by western blot after 7 days OIM and 
quantitative analysis. (f) The osteogenic related genes were measured by qRT-PCR after 7 days OIM. (g) Immunofluorescence 
staining for COL1A1 and RUNX2 after 7 days OIM. Scale bars, 25 μm. All of the experiments were independently accomplished 
by three times. * P < 0.05, ** P < 0.01 compared to the control group.
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UA accelerated TNF-α-induced impaired bone fracture healing in 
a mouse femur fracture model
To investigate further the therapeutic effect of UA on 
TNF-α-induced impaired bone fracture healing, a mouse 
femur fracture model was established (Fig. 6a). TNF-α 
(100 ng/mL) was locally administered on the day of 
surgery and injected repeatedly on days 2, 4, and 6 after 
surgery to create an excessive inflammatory environment. 
UA (50 mpk) or an equal volume of NS was administered 
by gavage daily for 1 month after surgery. After 1-month, 
micro-CT was used to analyse bone mass in the fracture 
region. The results showed that local administration of 
TNF-α (100 ng/mL) significantly impaired bone fracture 
healing (Fig. 6b), as evidenced by lower bone volume/
total volume, trabecular number, and trabecular thickness 
and higher trabecular separation. In contrast, UA intra-
gastric administration promoted fracture healing and 
improved bone mass in the fracture region (Fig.  6c). 
H&E and Masson staining were performed for histo-
logical analysis. UA treatment significantly promoted 
bridging of both cortices and increased the formation of 
woven bone near and around the fracture site compared 
to the TNF-α group (Fig. 6d). Consistently, histological 

evaluation scores were higher in the TNF-α + UA group 
than in the TNF-α group (Fig. 6h). To evaluate further 
the expression of osteogenesis- and inflammation-related 
markers, COL1A1 and IL-1β were examined by immuno-
histochemistry. The results showed that local administra-
tion of TNF-α (100 ng/mL) significantly downregulated 
COL1A1 expression and upregulated IL-1β expression, 
whereas UA treatment reversed these effects (Fig. 6e–g). 
These findings demonstrated that persistent TNF-α-induced 
inflammation in the local fracture region impairs bone 
fracture healing while UA treatment can accelerate the 
healing process by promoting osteogenesis and inhibiting 
inflammation in a mouse femur fracture model.

Discussion
The regulation of BMSC osteogenesis and the osteoim-
mune function of macrophages are crucial for bone frac-
ture healing. Bone fractures are among the most common 
injuries of the musculoskeletal system, and they are asso-
ciated with a relatively high incidence of delayed union 
or non-union due to infection or pathogenic inflamma-
tory conditions, such as osteoporosis, aging, and dia-
betes. Excessive and chronic inflammation inhibits the 

Fig. 3.  UA inhibited TNF-α induced NF-κB signalling pathway activation during the osteogenic differentiation of BMSCs. (a) 
representative Western blot images of p-p65, p65, p-IκBα and IκBα after TNF-α stimulation with or without UA (10 μM) after 0, 
10, 30 and 60 min OIM. (b) Quantification of p-p65 and p-IκBα relative to GAPDH. (c) Immunofluorescence staining for p-P65 
after 60 min of OIM. Scale bars, 10 μm. (d) Representative Western blot images of p-JNK, JNK, p-ERK, ERK, p-P38 and P38 
after TNF-α stimulation with or without UA (10 μM) after 0, 10, 30 and 60 min OIM. (e) Quantification of p-JNK, p-ERK 
and p-P38 relative to GAPDH. All of the experiments were independently accomplished by three times. * P < 0.05, ** P < 0.01 
compared to the control group.
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Fig. 4.  UA alleviated pro-inflammation level and the M1 macrophage activation under TNF-α induced inflammation microenvi-
ronment. (a) CCK-8 assay was utilised to assess the cell viability of RAW264.7 of UA on 12, 24 and 48 h. (b, c) The concentration 
of IL-1β and IL-6 in the medium of RAW264.7 after 12 h TNF-α stimulation with or without UA by ELISA. (d) The proteins of 
RAW264.7 were measured by western blot after 1 day and quantitative analysis. (e) The genes were measured by qRT-PCR after 
1 day. (f) Immunofluorescence staining for iNOS after 1 day after TNF-α stimulation with or without UA. Scale bars, 100 μm. (g) 
The quantitative analysis of Immunofluorescence by image J. All of the experiments were independently accomplished by three 
times. * P < 0.05, ** P < 0.01 compared to the control group.
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osteogenic differentiation of BMSCs and further pro-
motes macrophage polarisation towards the M1 pheno-
type, thereby amplifying the inflammatory response and 
ultimately impairing bone fracture healing. Therefore, 
restoring osteogenic function and maintaining controlled 
inflammation have become crucial strategies for the treat-
ment and prevention of bone fracture non-union.

As a gut metabolite derived from ellagic acid-rich foods, 
UA has been shown to extend health span and lifespan 
in animal models (17). Furthermore, several clinical tri-
als have demonstrated that UA can alleviate heart failure 
(32) and improve muscle strength and endurance (33). UA 
also exhibits strong anti-inflammatory and antioxidative 
stress effects. Most studies investigating the role of UA 
in bone metabolism have mainly focused on OC-mediated 
bone resorption and osteoporosis. Multiple studies have 
shown that UA attenuates RANKL-induced osteoclasto-
genesis and protects against postmenopausal and senile 
osteoporosis (20, 21, 28). However, there have been no 
studies examining the effects of UA on OB-mediated 
bone formation, particularly under chronic inflammatory 
conditions. Although our study showed that UA has no 

direct effect on the osteogenic differentiation of BMSCs, 
UA significantly restored the impaired osteogenic capac-
ity of BMSCs caused by TNF-α-induced inflammation. 
We demonstrated that high-dose TNF-α treatment mark-
edly downregulated osteogenesis-related genes and pro-
teins and reduced the mineralisation capacity of BMSCs, 
whereas UA supplementation restored the impaired osteo-
genesis. We further explored the potential mechanism and 
found that UA inhibited activation of the NF-κB sig-
nalling pathway during the osteogenic differentiation of 
BMSCs under TNF-α-induced inflammatory conditions, 
whereas the MAPK signalling pathway showed no sig-
nificant differences. NF-κB is a transcription factor that 
regulates the expression of genes involved in cell prolif-
eration and apoptosis, as well as genes associated with 
inflammatory and immune responses (34). The canon-
ical NF-κB pathway is typically activated through the 
binding of ligands to their receptors on the cell surface, 
such as RANK, TNFR, and IL-1R, which subsequently 
activate the inhibitor of kappa B kinase (IKK) complex 
composed of the catalytic subunits IKKα and IKKβ 
and the regulatory subunit IKKγ. Upon activation, IKK 

Fig. 5.  Conditional-medium from RAW 264.7 with UA by TNF-α stimulation promote osteogenesis of mBMSCs. (a) The osteo-
genic related genes measured by qRT-PCR after 7 days. (b) ALP staining of BMSCs after 7 days OIM and ALP activity quanti-
tative result. Scale bar, 100 μm. (c) ARS staining of BMSCs after 25 days OIM and quantitative result. Scale bar, 100 μm. All of 
the experiments were independently accomplished by three times. * P < 0.05, ** P < 0.01 compared to the control group.
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phosphorylates IκBα at two N-terminal serine residues, 
thereby triggering ubiquitin-dependent degradation of 
IκBα in the proteasome. This process results in rapid and 
transient nuclear translocation of canonical NF-κB mem-
bers, predominantly the p50/RelA and p50/c-Rel dimers, 
which subsequently activate target gene transcription 

(35). NF-κB activation promotes osteoclastogenesis and 
inhibits the expression of osteogenesis-specific genes (36). 
Our study demonstrated that UA inhibited activation of 
the NF-κB signalling pathway during the osteogenic dif-
ferentiation of BMSCs under TNF-α-induced inflamma-
tory conditions (Fig. 7).

Fig. 6.  UA accelerated TNF-α induced impaired bone fracture healing in a mice femur fracture model. (a) Experiment flow 
about animal study. (b) The representative μCT images of mouse femurs from the femur fracture + PBS, femur fracture + 
TNF-α and femur fracture + TNF-α + UA (50 mpk) group. (c) Graphic illustrations of BV/TV, Tb.N, Tb.Th and Tb.Sp in the 
indicated groups. (d) Histological section from femur fracture region stained with H&E and Masson staining. Scale bar, 500 μm. 
(e) Immunohistochemistry of COL1A1 and IL-1β of  femur fracture region. Scale bar, 500 μm. (f, g) The quantitative results of 
immunohistochemistry by image J. (h) Histological scores of three groups. All of the experiments were independently accom-
plished by five times. All error bars represent SDs. * P < 0.05, ** P < 0.01 compared to the control group.
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The fracture haematoma, which contains immune cells 
and multiple signalling factors, plays an important role 
in bone fracture healing. Early inflammatory events fol-
lowing fracture are critical for the outcome of fracture 
healing, and inflammation is necessary to initiate the 
reparative response after injury (7). Low-dose pro-inflam-
matory cytokines, particularly TNF-α, are beneficial and 
necessary for fracture healing (7). However, excessive and 
persistent inflammation inhibits osteogenesis and impairs 
bone healing (37). Moussa et al. (38) reported that UA 
alleviates systemic inflammation and improves the inflam-
matory microenvironment in the colon. In our study, UA 
decreased the levels of pro-inflammatory cytokines in 
RAW 264.7 cells under TNF-α-induced inflammatory 
conditions in vitro. Furthermore, UA administered intra-
gastrically reduced the elevated expression of IL-1β in a 
TNF-α-induced femur fracture model in vivo. These find-
ings indicated that UA can regulate excessive inflamma-
tion during local bone fracture healing. Macrophages are 
the most important immune cells in the fracture haema-
toma microenvironment. As key regulators of the immune 
response, macrophages exhibit remarkable plasticity and 
can polarise into pro-inflammatory (M1) and anti-in-
flammatory (M2) phenotypes, each playing distinct roles 
during osteogenesis (39). TNF-α induces macrophage 
polarisation towards the M1 phenotype, whereas UA 
was able to reverse this effect. Furthermore, conditioned 
medium (CM) derived from RAW 264.7 cells treated with 
UA under TNF-α stimulation promoted the osteogenic 
differentiation of BMSCs. These findings indicated that 
UA regulates macrophage polarisation and promotes 
osteogenesis (Fig. 7).

To verify further the therapeutic effect of UA in vivo, we 
established a mouse femur fracture model. An excessive 
inflammatory condition was induced by local injection 
of TNF-α. Persistent TNF-α-induced inflammation sig-
nificantly impaired bone fracture healing. However, intra-
gastric administration of UA promoted fracture healing 
and improved bone mass in the fracture region. These 
findings suggested that UA may represent an economical 

and effective oral nutritional intervention strategy for the 
treatment of fracture non-union.

Nevertheless, this study had several limitations. Firstly, 
the mechanisms underlying the effects of UA on osteogen-
esis and macrophage polarisation were not investigated in 
detail. In this study, the mechanism of UA was mainly 
explored at the level of upstream signalling pathways. 
Secondly, additional models of chronic systemic inflam-
matory fracture repair were not included. Future studies 
will investigate additional disease models to evaluate fur-
ther the therapeutic potential of UA in fracture healing.

Conclusions
UA had no direct effect on the osteogenic differentiation 
of BMSCs. However, UA alleviated osteogenic dysfunc-
tion through modulation of the NF-κB signalling path-
way and inhibited inflammation and M1 polarisation 
under TNF-α-induced inflammatory conditions, thereby 
promoting osteogenesis. In addition, UA accelerated 
impaired bone fracture healing caused by chronic inflam-
mation in vivo. These findings suggest that UA is a prom-
ising and cost-effective candidate for the treatment of 
fracture non-union associated with chronic inflammation.
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