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Bone fracture in a rat femoral fracture model is
associated with the activation of autophagy
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Abstract. Autophagy, which is a mechanism for the turnover
of intracellular molecules and organelles, protects cells during
stress responses; however, the role of autophagy in the stages
of bone fracture remains to be elucidated. The aim of the
present study was to investigate the process of autophagy in
bone tissue at different time-points after fracture. A femur
fracture model was established in male adult Wistar rats via
surgery. The protein expression of microtubule-associated
protein II light chain 3 (LC3-II) was analyzed in a femur
fracture (experimental) group and a sham-surgery group using
immunofluorescence. The protein expression of proliferating
cell nuclear antigen (PCNA) was used to investigate the cell
proliferation in bone tissue following fracture via immunohis-
tochemical analysis. The correlation between cell proliferation
and autophagy was analyzed using linear regression. LC3-II
protein was constitutively expressed in the sham-surgery
group; however, compared with the expression in the
sham-surgery group, the LC3-II expression in the experimental
group was significantly increased at each time-point (P<0.05).
Similarly, immunohistochemistry revealed that the number
of PCNA-positive cells in each section was significantly
increased following fracture injury (P<0.01). A comparison
of the LC3-II- and PCNA-positive rates in the experimental
group rats at each time-point revealed a linear correlation
(R?=0.43, P<0.01). In conclusion, surgically induced fracture
in rats is associated with an increase in LC3-II and PCNA
protein expression during the initial stages of fracture injury,
and a correlation exists between the expression of the two
proteins. These results suggest that potential treatment aimed
at improving fracture healing should target the process of
autophagy.
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Introduction

Bone fracture can initiate a series of bio-physiological and
pathological reactions, and a variety of biomechanical and
biological factors that determine the outcome of fracture healing
have been identified during past decades (1,2). Numerous
studies have indicated that autophagy plays an important role
in nutrient and energy regulation, as well as in the removal
of dysfunctional or damaged organelles and molecules (3.4).
Bone fracture can disrupt the cellular homeostasis and place
the bone cells under considerable stress, which can result in
the activation of autophagy. The involvement of autophagy in
neurodegeneration, cardiomyopathies and abnormal skeletal
development has been investigated in previous studies (5-7);
however, the role of autophagy in the various stages of bone
fracture remains to be studied.

Autophagy is a common physiological mechanism that
targets altered and dysfunctional cytosolic macromolecules,
membranes and organelles for delivery to lysosomes for
degradation and recycling (8,9). The process of autophagy is
activated when there is a shortage of energy or nutrients. At
the beginning of the process, an autophagosome is created
via a double membrane that forms around cellular substances,
which then fuses with a lysosome. The organelles and proteins
in cells are degraded to amino and fatty acids by the formed
lysosome, to enable cell survival (10). Previous studies have
demonstrated that autophagy is associated with the progres-
sion of numerous diseases, such as heart disease (11), and is
involved in tumor suppression (12) and the removal of toxic
agents (13). The role of autophagy has additionally been
investigated in the field of bone science, including in the patho-
genesis of osteoporosis (14) and Paget's disease (15).

Microtubule-associated protein II light chain 3 (LC3-II)
is one of the major regulators of the autophagy pathway. The
protein binds to the membrane of the autophagosome, and the
extent of autophagosome formation is correlated with the level
of LC3-II formation (16). Thus, the upregulation of LC3-II is
often used to illustrate the activation of autophagy in disease
models (17).

In aregenerating tissue, cell proliferation plays an important
role in tissue amplification, particularly in physiological and
pathological processes (18). In a previous study, Lee et al (19)
quantified the proliferating cells in each of the cellular events
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occurring during bone fracture healing. The degree of cell
proliferation varied according to the length of time that had
passed since the fracture, suggesting the existence of local
regulatory factors, such as growth factors and cytokines (20).
Proliferating cell nuclear antigen (PCNA) is a crucial protein
for the proliferation of osteoblasts, its expression and cell prolif-
eration cycle are closely associated, and thus accurately reflect
the cell proliferation. The aim of the present study, therefore,
was to investigate the role of autophagy in the bone following
fracture and describe the association between cell prolifera-
tion and autophagy, in order to identify a potential therapeutic
target to improve fracture healing. The protein expression of
PCNA was used to investigate the cell proliferation in bone
tissue following fracture via immunohistochemical analysis.

Materials and methods

Experimental groups and surgical procedure. The present
study was performed according to protocols approved by the
local governmental Animal Care Committee and the institu-
tional Animal Care and Use Committee at Xiamen University
(Xiamen, China). Every effort was made to minimize animal
suffering and to reduce the number of animals used. In total,
36 adult male Wistar rats weighing 230-260 g were obtained
from the Experimental Animal Center, the Affiliated Southeast
Hospital of Xiamen University (SCZZ(min)2012-0203). The
rats were randomly separated into six groups (n=6/group): Five
experimental groups (for examination at different time-points)
and one sham-surgery group (as a control group). The rats
were housed with 3 or 4 rats to a cage, 1 week before the
experiments began. For the experimental procedure, in brief,
the rats were anesthetized using an intraperitoneal injection of
ketamine (75 mg/kg) and xylazine (25 mg/kg), and a lateral
incision was then made through the shaved skin and fascia
lata from the right knee to the greater trochanter. The plane
between the vasti and hamstrings was opened through blunt
dissection to expose the femur. The right femur of each animal
was fractured using a 3-point bending device and stabilized
using Kirschner wire (diameter, 1.0 mm; Shanghai Pudong
Jinhuan Medical Products Co., Ltd., Pudong, Shanghai,
China), as described previously (21). The fascia lata and skin
were closed with polyglactin absorbable sutures (Shanghai
Pudong Jinhuan Medical Products Co., Ltd.). The fracture
configuration was a closed, midshaft fracture type A2-A3,
according to AO classification (22), and the implant positions
were documented using X-rays (Fig. 1). The sham-surgery
group underwent an identical procedure without fracture.

The experimental group samples were extracted near
the fracture site at 6 h, 12 h, 24 h, 3 days and 7 days after
fracture. The samples were then fixed in 4% formalin for 24 h
and decalcified in 10% EDTA solution for 5 weeks. A total of
10 slices per animal (the results from which were averaged)
were randomly selected for paraffin embedding and used for
quantitative immunofluorescence and immunohistochemical
analyses.

Immunofluorescence. Paraffin-embedded samples for immu-
nofluorescence were deparaffinized in the xylene substitute
Pro-Par Clearant (Anatech, Ltd., Battle Creek, MI, USA) and
rehydrated in graded ethanol and water. After washing with
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Figure 1. Representative X-ray of a rat femur following open fracture and
stabilization by a Kirschner wire measuring 1.0 mm in diameter.

phosphate-buffered saline (PBS), the sections (5-ym) were
blocked with 5% goat serum for 1 h at room temperature
and then incubated at 4°C with rabbit polyclonal anti-LC3II
(1:50; NB910-40435; Sigma-Aldrich, St. Louis, MO, USA)
overnight. After further washing with PBS, the sections were
incubated with the Alexa Fluor® 488 anti-rabbit IgG secondary
antibody (Abcam, Cambridge, MA, USA) for 30 min. Finally,
the sections were washed and observed using fluorescence
microscopy

Immunohistochemistry. For immunohistochemistry, 6-ym
sections from paraffin-embedded samples were deparaffinized
and rehydrated. For antigen unmasking, the sections were
immersed in 10 mM sodium citrate buffer (pH 6.0), boiled in
a microwave oven and kept at 92-95°C for 2 min. Following
antigen unmasking, the slides were cooled for 20 min at room
temperature and then washed with PBS. The sections were
subsequently blocked with 0.03% hydrogen peroxide sodium
azide (supplied by the Affiliated Southeast Hospital of Xiamen
University) for 5 min at room temperature. Purified rabbit
anti-rat PCNA monoclonal antibody (1:100; GTX12496; Dako
North America, Inc., Carpinteria, CA, USA) was incubated
for 45 min at room temperature. After washing with PBS,
the secondary purified goat anti-rabbit/mouse biotinylated
antibody (1:100; Dako North America, Inc.) was applied to
the sections and incubated for 30 min at room temperature.
The sections were then washed gently with PBS and incubated
with streptavidin-peroxidase (1:50; Dako North America,
Inc.) for 30 min at room temperature. Diaminobenzidine
substrate chromagen was added to the sections, which were
subsequently incubated at room temperature for >5 min and
washed. The tissue sections were counterstained with hema-
toxylin (Sigma-Aldrich) for 5 min, washed with distilled water
and dehydrated through a series of graded ethanol solutions to
xylene, mounted in DPX (Olympus Corporation, Tokyo, Japan)
and examined using light microscopy.

Statistical analysis. The percentage of PCNA-positive cells
and the number of the cells with punctuate LC3-II fluores-
cence were calculated in 10 randomly selected slices per
animal and averaged, and the results were then quantitatively
analyzed using Image-Pro Plus software (Media Cybernetics,
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Figure 2. Immunofluorescence staining of LC3-1I in the bone tissue near the fracture site. (A) In the control group, LC3-II-positive cells were sparse; in the
fracture group, the population of LC3-II-positive cells increased after 6 h, peaked at 24 h and then gradually decreased at 3 days. (B) Analysis of the percentage
of cells in fracture-site tissue with punctuate LC3-1I fluorescence. Results are presented as the mean + standard deviation. “P<0.05 vs. control. Scale bar,
100 ym; magnification, x400. LC3-II, microtubule-associated protein II light chain 3.

Inc., Silver Spring, MD, USA). Results are presented as the  variance, and correlation analysis was conducted using linear
mean =+ standard deviation. Significant differences between regression. Statistical analysis was performed using SPSS
animals at each time-point were assessed using analysis of  software for Windows (version 13.0; SPSS, Inc., Chicago, IL,



1678

Control

24 h

6h

ZHOU et al: BONE FRACTURE IS ASSOCIATED WITH AUTOPHAGY ACTIVATION

3 days

Percentage of cells with PCNA-positive immunohistochemistry

*

9

= 804

L

[+

L]

2 60

BT

a2

w40+

(=]

[¥)

[=11]

E 204

=

L

(&)

5 0

o ) v T .
Q\@\ e 0w
P

Time after surgery

Figure 3. Immunohistochemical staining of PCNA in controls and at each time-point after fracture injury. (A) In the control group, PCNA-positive cells were
constitutively expressed; in the fracture group, the population of PCNA-positive cells increased after 6 h, peaked at 24 h and then gradually decreased at 3 days,
as a result of the recovery of blood flow and nutrition. Arrows show the PCNA-positive cells. (B) Analysis of the percentage of cells in fracture-site tissue with
PCNA-positive innmunohistochemistry. Results are presented as the mean + standard deviation. “P<0.05 vs. control. Scale bar, 400 xm; magnification, x200.

PCNA, proliferating cell nuclear antigen.

USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

LC3-1I is upregulated in bone tissue following fracture
injury. LC3-II-positive cells were sparse in the bone of
the sham-surgery group. At 6 h after injury, the number of
LC3-II-positive cells began to increase, peaked at 24 h and then
reduced gradually from 3 days after bone fracture (Fig. 2A).
The difference between the experimental and sham-surgery
groups was significant at all time-points (P<0.05). Significant
differences were also found among the data from the 5 experi-
mental groups (P<0.05). The results demonstrate that the
process of autophagy was induced in the bone tissue following
fracture injury (Fig. 2B).

An increase in the number of PCNA-positive cells is observed
in bones from rats with surgically induced fracture. To further
investigate the association between autophagy and cell prolifer-
ation following fracture injury, immunohistochemical staining
for the cell proliferation marker PCNA was performed on the
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Figure 4. A significant correlation between the percentage of LC3-11- and
PCNA-positive cells was observed following fracture injury (R?>=0.43,
P<0.01). LC3-1I, microtubule-associated protein II light chain 3; PCNA,
proliferating cell nuclear antigen.

same samples that were analyzed for the autophagy marker in
the preceding experiments. At 6 h after fracture, an increased
number of PCNA-positive cells was observed compared with
the sham-surgery group, and this increase lasted for 24 h after
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the surgery (P<0.05) (Fig. 3). After 3 days, the pathological
changes began to decrease, which coincided with the recovery
of blood flow and nutrition.

Correlation between the number of LC3-11- and PCNA-positive
cells. Simple linear regression was used to analyze the correla-
tion between the number of LC3-II- and PCNA-positive cells.
The result showed that a significant correlation existed between
the degree of LC3-1I and PCNA expression following fracture
injury (R?=0.43, P<0.01) (Fig. 4). These findings demonstrate
that surgically induced femur fracture is associated with the
activation of autophagy (LC3-II expression) along with an
increase in cell proliferation (PCNA expression).

Discussion

In the present study, the occurrence of certain cellular events,
i.e. autophagy and proliferation, was analyzed in the various
phases of bone fracture healing following internal fixation in
a rat femoral fracture model. Autophagy, type II programmed
cell death, is a cellular mechanism of self-cycling for survival
in eukaryotes. The study of autophagy is an emerging field
within bone research. To investigate the degree of autophagy
in bone tissue following fracture injury, immunofluorescence
was used with an LC3-II polyclonal antibody, a method that has
already been described and used previously (23). In the present
study, the protein expression of LC3-II increased in the bone
tissue following fracture, peaking at 24 h, and then exhibited
a gradual decline from 3 days. Significant differences were
observed at each time-point (P<0.05). A few LC3-II-positive
cells were additionally observed in the sham-surgery group,
indicating that autophagy exists within a narrow homeostatic
range and in delicate balance with other cellular systems that
regulate protein homeostasis and cell survival. This theory has
been described in a previous study (24). Once the balance is
disrupted, autophagy can be induced as a survival mechanism
in normal cells in response to hypoxic conditions or stress (25).
There is growing evidence that energy status and nutrient levels
are key modulators of autophagy, and autophagy is defined as
a catabolic, energy-generating mechanism for the cell (26,27).
In the present study it was hypothesized that autophagy would
be activated in bone tissue following fracture injury due to the
sudden reduction or interruption of the nutrient supply.

Cell proliferation appears to be a major cellular response
at the beginning of a cellular event, such as inflammation,
chondrogenesis and endochondral or intramembranous ossifi-
cation. PCNA is a key marker for bone cell proliferation and
plays an important role in both pathological and physiological
activity (28). In the present study, PCNA-positive cells were
detected at 6 h near the fracture site, concurring with the find-
ings of Iwaki et al (29), which suggested that fracture healing
began with cell proliferation. In addition, the present results
showed that the percentage of PCNA- and LC3-II-positive cells
exhibited similar trends in variation following fracture injury
at each experimental time-point. Linear regression analysis
demonstrated that a significant correlation was present between
PCNA and LC3-II protein expression following fracture injury
(R?*=0.43,P<0.01).In a previous study, Morrow et al (30) demon-
strated that rapamycin caused the activation of the nuclear
translocation of PCNA in CD4"* T cells. It has been reported
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that one of the key suppressors of autophagy is mammalian
target of rapamycin (mTOR); rapamycin exerts significant
inhibitory effects on mTOR, with no off-target effects on other
enzymes (31,32). Based on the findings of Morrow et al (30),
we propose that the activation of the nuclear translocation of
PCNA may be associated with the induction of autophagy;
however, the potential mechanism underlying the association
between the process of autophagy and PCNA expression has
not yet been elucidated in the context of fracture injury and
healing, although it may involve the self-regulation pathway of
the cell, among others. An inhibitor or enhancer of autophagy,
such as 3-methyladenine or rapamycin, respectively, should be
used in further studies to attempt to illustrate the specific role
of autophagy in bone following fracture injury.

In conclusion, this is the first study, to the best of our
knowledge, to report the activation of autophagy in bone
tissue following fracture. This phenomenon may indicate that
autophagy is associated with the occurrence of trauma and
could be used as a target to improve bone fracture healing.
Future studies should investigate the role of autophagy in bone
fracture, in order to facilitate the development of treatments
aimed at improving fracture healing.
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