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Background: Bone fracture, a common injury to bones leads to various biophysiological changes and pathological respons-
es in the body. The current study investigated curcumin for treatment of bone fracture in a rat model of bone
trauma, and evaluated the related mechanism.

Material/Methods: The rats were separated randomly into 3 groups; sham, model, and curcumin treatment groups. The fracture
rat model was established by transverse osteotomy in the right femur bone at the mid-shaft. The osteoblast
count was determined using hematoxylin and eosin staining. Vascular endothelial growth factor (VEGF) and
proliferating cell nuclear antigen (PCNA) expression were measured by western blotting.

Results: The rpS6-phosphorylation was suppressed and light chain 3 (LC3II) expression elevated in the curcumin treated
group of the fracture rat model. In the curcumin-treated group, mineralization of fracture calluses was mark-
edly higher on day 14 of fracture. The formation of osteoblasts was observed at a greater rate in the curcum-
in treated group compared to the model rat group. Treatment of rats with curcumin significantly (P<0.05) pro-
moted expression of PCNA and VEGF. The decrease in CD11b+/Gr-1+ cell expansion in rats with bone trauma
was alleviated significantly by curcumin treatment. A marked increase in arginase-1 expression in rats with
bone trauma was caused by curcumin treatment.

Conclusions: In summary, curcumin activates autophagy and inhibits mTOR activation in bone tissues of rats with trau-
ma. The curcumin promoted myeloid-derived suppressor cell (MDSC) proliferation and increased expansion of
MDSCs in a rat model of trauma. Therefore, curcumin may have beneficial effect in patients with bone trauma
and should be evaluated further for development of treatment.
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Background

Bone fracture, a common injury to bones, leads to various
biophysiological changes and pathological responses in the
body [1]. These responses initiate healing of fractures but are
also accompanied by damage to tissues. The development of
devices for internal fixation and the use of newly discovered
biological materials have greatly improved the healing process
but in ~10% of the cases nonunion or delayed union has been
reported [2]. Therefore, to improve patient morbidity and min-
imize expenditure due to bone fractures novel therapies need
to be discovered for enhancement of healing fractures [3].
Autophagy plays vital role in destroying the non-functional
and damaged macromolecules besides regulating the cellular
energy and nutrients [4,5]. The failure of autophagy leads to
abnormal gene expression at a cellular level thereby causing
the death of cells [6]. Additionally, autophagy failure is asso-
ciated with the neuronal degeneration, premature death, de-
velopment of abnormal skeleton and cardiomyopathies [7-9].
The autophagy activation is primarily indicated by enhanced
expression of light chain 3 (LC3-Il) at the cellular level [10].
An important autophagy suppressor is the mammalian target
of rapamycin (mTOR) which acts as upstream effecter of pro-
teins linked to autophagy [11]. The mTOR complex is regulated
by many pathways like phosphatidylinositol-3-kinase (PI-3K)/
Akt and AMP-activated protein kinases [11]. The dysfunction
of mTOR is associated with the development of inflammatory
disorders, cardiac diseases, diabetes, etc. [12]. Thus, the mTOR
pathway is believed to be potential target for treatment of mul-
tiple disorders [12]. Inhibition of ribosomal protein S6 activa-
tion which is an mTOR complex-1 downstream factor by che-
motherapeutic agents leads to autophagy activation [13,14].

Curcumin has been used for a very long time in traditional
medicine because of several pharmacological properties [15].
Multiple properties of curcumin include its role as an anti-
inflammatory, antioxidant, and anti-fibrotic agent [15-17].
Additionally, studies have shown tumor growth inhibitory ef-
fect and myocardial injury protecting property of curcum-
in [15-17]. Although studies on the use of curcumin in bone
trauma treatment are limited, reports suggest that curcumin
may have a positive effect in bone remodeling [18]. The cur-
rent study investigated curcumin for bone trauma treatment
in a rat model and evaluated the related mechanism.

Material and Methods

Animals grouping and treatment

Thirty adult male Sprague Dawley rats (6 to 8 weeks old; weight;
245 to 265 g) were obtained from the Animal Center of Hubei
Medical University (Shiyan, China). The rats were maintained
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at constant temperature of 25°C and 45% to 50% humidity
in the laboratory. All rats were provided food and water ad li-
bitum and acclimatized for 1 week to the laboratory environ-
ment prior to starting the actual experiment.

Bone trauma and treatment

The rats were separated randomly into sham, model bone
trauma, and model curcumin treatment groups. The frac-
ture rat model was established by transverse osteotomy in
the right femur bone at the mid-shaft. Surgical procedures
on rats were conducted after intraperitoneal injection of ket-
amine (50 mg/kg) and xylazine hydrochloride (10 mg/kg). The
lower limb on right side of rats after shaving was disinfected
by povidone-iodine to carry out surgery under sterilized con-
ditions. An incision was made carefully to expose the femurs
and an oscillating microsaw was used for inducing transverse
femur shaft fracture. Then intramedullary fixation was made
using a 1-mm Kirschner wire and standard procedure was fol-
lowed to close subcutaneous tissues and the skin. Curcumin
was injected into rats in the treatment group at 8 mg/kg dos-
es in dimethyl sulfoxide (DMSO) daily for 10 days from the day
of fracture via intraperitoneal administration route. The rats
in the untreated group received normal saline at equal dos-
es. The approval for conducting the study was obtained from
Animal Care and Use Committee National Institute of Health,
China. The experimental procedures on rats were carried out
according to guidelines from the Institutional Animal Care
Committee. Five rats from each group were sacrificed on day
14, 28, and 42 of fracture using 10% chloral hydrate anesthe-
sia at 3 mL/kg dose. For each rat, the right femur bone was
exposed to perform middle transverse fracture, using a wire
saw, then the fracture was stabilized by Kirschner wire [19].

Osteoblast count analyses

The right femur bone of rats was harvested and subsequent-
ly treated for 24 hours with 4% formalin for fixation. The de-
calcification of bones was performed by treatment with 10%
ethylenediaminetetraacetic acid (EDTA) solution for 1 month
and then the bones were embedded in paraffin. The 3-5 um
sections of decalcified bones were cut longitudinally, stained
with hematoxylin and eosin (H&E) and analyzed for osteoblast
count in each callus section.

Immunohistochemistry

The samples embedded in paraffin were deparaffinized on
treatment with xylene substitute Pro-Par Clearant and sub-
sequently subjected to rehydration in ethanol and water. The
samples were treated with sodium citrate buffer (10 mM) and
heated for 2 minutes at 88°C in a microwave oven. After cool-
ing the slides at room temperature, the samples were washed
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with phosphate-buffered saline (PBS) and then blocked for 25
minutes with 5% serum. The samples were incubated with an-
ti-p-rpS6 primary antibodies (1: 100; Abcam) at 4°C for over-
night. The sections after PBS washing were subjected to incu-
bation for 1 hour with biotinylated goat anti-mouse secondary
antibodies (1: 100; Abcam) at 37°C. The samples were incu-
bated for 25 minutes with Vectastain ABC-alkaline phospha-
tase, washed in PBS, and incubated again with alkaline phos-
phatase for 20 minutes.

Immunofluorescence

The bone samples embedded in paraffin after deparaffinization
were rehydrated in graded ethyl alcohol and water system. The
sections after PBS washing were blocked on treatment with
5% serum for 25 minutes at 37°C. The samples were incubat-
ed with polyclonal antibodies against LC3-II (dilution, 1: 150;
Abcam) at 4°C for overnight. Incubation of the sections with
Alexa-Fluor IgG secondary antibodies (1: 200; Abcam) was per-
formed for 1 hour at room temperature.

Western blot analysis

The callus around femora was carefully resected and then fro-
zen at —80°C for western blotting assay. The tissues were ho-
mogenized on treatment with 250 pL radioimmunoprecipita-
tion assay (RIPA) buffer consisting of sodium chloride (150
mM), NP-40 (1%), tris-hydrochloric acid (25 mM; pH 7.6), so-
dium dodecyl sulfate (SDS) (0.1%), sodium deoxycholate (1%),
and a protease inhibitor cocktail (Abcam). The tissue samples
after incubation for 30 minutes were centrifuged at 13 000xg
for 40 minutes on ice to obtain the supernatant. The content
of proteins in the supernatant was estimated using bicincho-
ninic acid (BCA) method and then 35 mg samples were load-
ed per lane for resolution on 10% SDS gel. The proteins were
transferred to polyvinylidene difluoride (PVDF) membranes
which were blocked on treatment with 5% skimmed milk so-
lution over 1 hour. Incubation of membranes was carried out
with primary antibodies like anti- Vascular endothelial growth
factor (VEGF) and anti-proliferating cell nuclear antigen (PCNA)
for 2 hours. Visualization of the complexes was carried out
using chemiluminescence (ProLong Gold Antifade Reagent).

Gr-1+ cell isolation

The samples of blood, spleen, and bone marrow that were col-
lected from the rats were converted into single cellular sus-
pensions. The red blood cell lysis buffer (Sigma-Aldrich) was
used for depletion of the erythrocytes. The cells, after wash-
ing, were put into the MACS buffer containing 1x-PBS along
with EDTA (2 mM) and bovine serum albumin (BSA; 0.5%). The
MACS magnetic micro-beads were used for sorting the Gr-1+
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Flow cytometric analysis

The cells after harvesting were put into FACS medium contain-
ing 1x-PBS along with BSA (0.1%) and sodium azide (0.1%).
Then cells were dyed with FITC-labeled anti-mouse CD11b,
and PE-labeled GR1 in accordance with the suppliers’ instruc-
tions. The FACScan flow cytometer (BD Biosciences) was used
for analysis of the stained cells.

Statistical analysis

The data expressed are the mean of + standard deviation
(SD) of 3 experiments conducted independently. The statisti-
cally significant differences between 2 groups were evaluat-
ed using Student’s t-test and for multiple group comparisons
one-way analysis of variance (ANOVA) and Bonferroni multi-
ple comparisons test were used. The values at P>0.05 were
considered statistically significant.

Results

Curcumin suppressed rpS6-phosphorylation and promoted
LC3-1I expression in rat fracture model

The changes in rpS6-phosphorylation in the rats after bone
fracture were determined for analysis of mTOR pathway acti-
vation (Figure 1). The rpS6-phosphorylation showed a marked
reduction in the bone tissues of rats with fracture on treat-
ment with curcumin on day 14, 28, and 42 post fractures. The
phosphorylation of rpS6 was found to be markedly higher in
the untreated group of fracture rat model. In curcumin treated
group of the fracture rat model, the expression of LC3-Il was
found to be markedly elevated compared to untreated rats
(Figure 2). The elevated LC3-II expression in curcumin treated
rat bone tissues indicated activation of autophagy.

Formation of callus by curcumin

Mineralization of the calluses in rats was analyzed on day 14,
28, and 42 of fracture using radiography (Figure 3). The min-
eralization was not observed in rat calluses of untreated group
on day 14 of fracture. However, density of mineralization in-
creased on day 28 of fracture in the calluses in untreated group.
The calluses in untreated group were remarkably small in size
on day 42 of fracture which showed significant re-sorption.
In curcumin-treated group mineralization of fracture calluses
was observed on day 14 of fracture. Compared to untreated
group calluses in curcumin treated rats were much larger in
size on day 42 of the fracture.
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Figure 1. (A, B) Effect of curcumin on rpS6-phosphorylation in fracture rat model. The rat calluses from curcumin treated or untreated
groups were collected on day 14, 28, and 42 after fracture. Immunohistochemical analysis was performed for detection of
rpS6-phosphorylation. * P<0.05, ** P<0.02 versus model (control) group. Magnification, 200x.

Curcumin increased the number of osteoblasts in the rat
callus

The changes in osteoblast proliferation in rats on day 14, 28,
and 42 after fracture by curcumin treatment were analyzed in
the callus sections (Figure 4). The formation of osteoblasts was
observed at greater rate in curcumin treated group compared
to model rat group. In model rats, the formation of osteoblasts
was significantly (P<0.02) lower compared to the sham group.

The PCNA and VEGF levels increased in cells by curcumin
treatment

The PCNA and VEGF expressions play vital roles in osteoblast
proliferation and healing of fractures. The changes in PCNA
and VEGF expression by curcumin were analyzed in the rats
using western blot assays (Figure 5). In the model group PCNA
and VEGF expression was much lower compared to the sham
group of rats. Treatment of rats with curcumin significant-
ly (P<0.05) promoted expressions of PCNA and VEGF on day
14 after fracture.
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Figure 2. (A, B) Effect of curcumin on LC3-Il expression in fracture rat model. The rat calluses from curcumin treated or untreated
groups were collected on day 14, 28, and 42 after fracture. The LC3-Il expression in the bone tissues was detected using
immunofluorescence. * P<0.05, ** P<0.02 versus model (control) group. Magnification, 200x.

Curcumin alleviated trauma induced reduction of
CD11b+/Gr-1+ cell expansion in trauma rat model

In rats with bone trauma, the CD11b+/Gr-1+ cell expansion to
spleen, bone marrow, and blood was significantly decreased
(Figure 6). The decrease in CD11b+/Gr-1+ cell expansion in
rats with bone trauma was alleviated significantly by cur-
cumin treatment. In 8 mg/kg curcumin treated rats the trau-
ma mediated decrease in CD11b+/Gr-1+ cell expansion was
completely alleviated.

Curcumin increased expression of arginase-1 in Gr-1+ cells
of trauma rat model

Western blotting was employed to assess expression of argi-
nase-1 in Gr-1+ cells of rats with bone trauma following cur-
cumin treatment (Figure 7). A marked increase in arginase-1
expression in rats with bone trauma was caused by curcum-
in treatment.

Discussion

The rpS6-phosphorylation integrates translation of proteins
with the process of cellular proliferation and growth [19]. The
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Figure 3. Effect of curcumin on fracture repair in rats. The callus
mineralization as well as size in fracture rat model was
observed on day 14, 28, and 42 of fracture using x-ray
imaging. * P<0.05, ** P<0.02 versus model (control)

Figure 4. Effect of curcumin on osteoblast proliferation.
The callus sections of sham, model, and curcumin
treatment groups were analyzed for osteoblast
proliferation on day 14, 28, and 42 after fracture using

group. hematoxylin and eosin dyes. * P<0.05, ** P<0.02 versus
model (control) group.
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Figure 5. Curcumin promotes PCNA and VEGF expression. (A) The PCNA and VEGF levels in calluses of rats were assessed by western
blotting on day 14, 28, and 42 post fractures. (B) The quantification of PCNA and VEGF levels was made taking GAPDH as
loading control. * P<0.05, ** P<0.02 versus model (control) group. PCNA — proliferating cell nuclear antigen; VEGF — vascular
endothelial growth factor; GAPHD — glyceraldehyde 3-phosphate dehydrogenase.

inhibition of rpS6-phosphorylation indicates suppression of
mTOR pathway [19]. The formation of bones and their de-
generation is affected by the activation of autophagy [20,21].
It is reported that autophagy suppression and activation of
mTORC1 are involved in the bone loss and other osteoarthri-
tis diseases induced by ageing [22,23]. However, an increase

in autophagy and deactivation of mTORC1 have been found
to extend the life span of people [24,25]. In the present study,
curcumin treatment of the trauma rat model effectively sup-
pressed rpS6-phosphorylation in the bone tissues. The curcum-
in mediated rpS6-phosphorylation inhibition in the rat bone
tissues indicated inhibition of the mTOR pathway. In curcumin
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Figure 6. Effect of curcumin on expansion of CD11b+/Gr1+ cells. The rats with bone trauma were treated with curcumin or left
untreated. The expansion of CD11b+/Gr1+ cells to (A) spleen, (B) bone marrow, and (C) blood was detected by flow

cytometry. * P<0.5 and ** P<0.02 versus model (control).
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Figure 7. Effect of curcumin on expression of arginase-1 in Gr-1+ cells. The rats were treated with curcumin immediately following
trauma. (A) The expression of arginase-1 was measured by western blotting. (B) Quantification of western blotting data.

* P<0.05 and ** P<0.02 versus model (control).

treated bone trauma rats, the autophagosomal marker LC3-II
expression was markedly promoted compared to untreated
rats. Therefore, in the bone trauma rat model, the treatment
with curcumin regulated the mTOR pathway and the activa-
tion of autophagy.

Bone repair is characterized by formation of calluses and
subsequent mineralization. The present study showed rapid

formation of calluses and mineralization in the rat model of
bone trauma on treatment with curcumin. The VEGF expression
has been shown to promote osteocyte survival, extracellular
matrix (ECM) calcification, formation of new bone tissues and
blood vessels [26]. The osteoprogenitor cells are influenced di-
rectly by VEGF thereby increasing the differentiation of osteo-
blasts and promoting the bone mineralization [27]. The content
of PCNA has been shown to be promoted markedly by mTOR
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pathway inhibition in the calluses of a rat bone trauma mod-
el [28]. The present study demonstrated that curcumin treat-
ment in a bone trauma rat model markedly enhanced the levels
of VEGF and PCNA expression in bone tissues. Thus, curcum-
in improved repair of bone fracture in rats by promoting the
expression of VEGF and PCNA. The present study demonstrat-
ed that curcumin prevents RU486 induced suppression of my-
eloid-derived suppressor cell (MDSC) expansion to spleen, pe-
ripheral blood, and in bone marrow in our trauma rat model. It
has been reported that MDSC aggregation is promoted during
trauma in various organs including the spleen [29,30]. The data
from our present study showed a marked increase in MDSCs
in the bone trauma rat model on treatment with curcumin. In
an immunosuppressed rat model induced by endotoxin admin-
istration, MDSC proliferation was increased by glucocorticoid
treatment [31]. In our present study, bone trauma suppressed
MDSC proliferation which was evident by Gr-1+ cell accumu-
lation in peripheral blood, spleen, as well as in bone of rats
with trauma. However, the suppression in CD11b+/Gr-1+ cell
expansion by trauma in rats with bone trauma was alleviated
significantly by curcumin treatment. This suggests that cur-
cumin prevents inhibition of MDSC proliferation induced by
bone trauma. T-cell functioning is reduced by MDSCs via pro-
motion of arginase-1 expression which leads to arginine de-
pletion in the immune microenvironment [32,33]. The expan-
sion of MDSCs is influenced by many other trauma related
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computed tomography (CT) evaluation techniques.

Conclusions

Our study found that curcumin activated autophagy and inhib-
ited mTOR activation in bone tissues of rats with bone trau-
ma. The curcumin promoted MDSC proliferation and increased
expansion of MDSCs in the rat model of trauma. Therefore,
curcumin might have a beneficial effect in patients with bone
trauma and should be evaluated further for development of
treatment.
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