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Morphologic and molecular alteration during
tibia fracture healing in rat
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Abstract. — OBJECTIVE: To monitor morpho-
logical feature and related osteogenic and bone
metabolic change during healing of tibia fracture
in a rat model.

MATERIALS AND METHODS: Tibia density
and trabecular thickness were evaluated. Histo-
pathology was examined by HE staining. Serous
inflammatory factors IL-4, IL-6, TNF-a and met-
abolic biomarkers ALP, B-CTX, P1NP, were de-
termined by ELISA. The expression of RUNX2,
TGF-B1, VEGF-a, BMP-2, BMP-4, and BMP-7 in
callus tissue were qualified by RT-PCR.

RESULTS: Bone density decreased until week
4 and then increased post-operation. Trabecu-
lae in callus were thickened over time with active
osteogenesis. ELISA indicated the most severe
inflammation at week 2, with the highest level of
TNF-a, IL-6, and the lowest level of IL-4. After 4
weeks, the inflammation was alleviated accom-
panying with the decline of TNF-a and IL-6, while
there was the elevation of IL-4. Bone metabolism
showed active osteogenesis and resorption at
week 6 with high PINP and B-CTX. The expres-
sion of RUNX2, TGF-p1, VEGF-a, BMP-2, BMP-4,
and BMP-7 increased progressively from week 1
to 6. The major lesions at week 2 in sham were
tissue necrosis, periosteal reactive hyperplasia,
inflammatory cell infiltration, capillary hyperpla-
sia and slight fibro-blast cytopoiesis. At week 4,
proliferation was greatly activated, fibrous cal-
lus shaped and chondrogenesis and some os-
teogenesis occurred at week 8.

CONCLUSIONS: In rat model, bone density
started to increase at week 6 after fracture, accom-
panied with trabeculae thickening, serous inflam-
matory factors decline, and peaked bone morpho-
genetic protein/growth factors, which indicated
active osteogenesis was conforming to the classi-
cal phase of secondary fracture healing.
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2; TGF = Tumor growth factor; VEGF = Vascular en-
dothelial growth factor; BMP = Bone morphogenetic
protein; BMD = bone mineral density; ELISA = Enzyme
linked immunosorbent assay; ALP = alkaline phospha-
tase; BCTX = B cross-linked C-telopeptide of type 1 col-
lagen; PINP = procollagen type 1 N-terminal propeptide;
EDTA = ethylenediaminetetraacetic acid; SD = standard
deviation.

Introduction

Fractures are common traumatic injuries tight-
ly associated with senile osteoporosis, which af-
fect 50% of women and 25% of men over age 50
worldwide'. Its clinical management and repair are
important issues for orthopedic surgeon and spe-
cialists. Medical cares for these diseases impose
heavily social and economic burden on our com-
munity?. The clear understanding of the fundamen-
tal biology underlying fracture is urgently needed
for optimal clinical intervention and treatment.

Bone is a complex and dynamic organ com-
posed by diversified cells’. The maintenance of
intrinsic homeostasis of minerals metabolism
and differentiation is essential for its physiolog-
ical functions*. Mechanic damage induces acute
inflammatory reaction®, followed by resorption
process mediated by osteoclast’. Macrophage
phase transformation, recruitment of mesenchy-
mal stem cells and osteoblast differentiation are
initiated to repair the damage’. Inflammation is
the first line of defense against fracture®. The me-
chanic disruption of vasculature results in activa-
tion of plasma coagulation and platelet’. Local ex-
posed of necrotic cell, macrophage and deformed
extracellular matrix release signaling factors to
attract cascades of inflammatory cell®®. In addi-
tion to its role in clearance of dead cell and bone
debris, inflammatory cells also are the source of
the second wave of molecular cues such as tumor
necrosis factor (TNF)-a, Interleukin (IL)-1B, IL-6
and chemokine (C-C motif) ligand 2 (CCL2) in
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recruitment of fibroblasts, mesenchymal stem
cells and osteoprogenitor cells!'. Platelet and
macrophage-derived growth factors guide prolif-
eration, differentiation, and maturation of these
cells, which eventually develop into granulation
tissues and neovasculature'?. Hypoxia in the cen-
ter of fracture sites stimulates differentiation of
mesenchymal stem cells (MSC) into chondrocyte,
which extends to bridge the broken ends". How-
ever, normoxia in periosteum induces differentia-
tion of MSC towards osteoblast and production of
woven bone'!. Once apoptosis program initiated
in chondrocyte, calcium is released to induce vas-
cular ingrowth and calcification, which termed as
callus formation. At the final stage, Haversian
system is restored via removal cartilage and wo-
ven bone by chondroclasts and osteoclasts'.

Tibia is the major bone of the lower leg. Tibia
fracture generally could be divided into three ca-
tegories based on the location of the injury, shaft
fractures, plateau fracture and plafond fracture'’.
Many factors should be taken into consideration
to make the surgical treatment strategy including
pin, plate, screw, rod, etc. In this study, we used
a rat model of tibia fracture, carefully characte-
rized the morphologic, pathologic and molecular
progression during bone healing, demonstrating a
classical secondary fracture healing.

Materials and Methods

Animal Model

SPF-grade SD rats were obtained from Na-
tional Accelerator Laboratory Animal Center
(Shanghai, China). All rats were housed in a pa-
thogen-free environment. The experimental pro-
tocols were approved by the Ethical Committee
of Animal Care and Use. All animal work was
performed in strict accordance with the approved
protocol. In total, 50 rats with average body wei-
ght 250-300 g were equally and randomly divided
into two groups for control or surgery respecti-
vely. The treatment group rats were intraperi-
toneally anesthetized with 10% chloral hydrate
first. After preoperative skin preparation and ste-
rilization, the knee joint and middle tibia on the
right side were exposed, and the open fracture
was introduced by carborundum disc. Kirschner
wire was inserted into the tibial incision to fix the
intramedullary nail. The leg was immobilized by
plaster after wound sutured. Penicillin (10° U/d)
was administrated intramuscularly for 3 consecu-
tive days for infection control.
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RT-PCR

The primers used in this study were as follow:
Runt-related transcription factor 2 (RUNX2):
Forward: 5-GCACAAACATGGCCAGTTCA-3’
Reverse: 5’-AAGCCATGGTGCCCGTTAG-3’
Tumor growth factor (TGF)-p1: Forward: 5°-TG-
GAGCAAC ATGTGGAACTC-3’
Reverse: 5’-GTCAGCAGCCGGTTACCA-3’
Vascular endothelial growth factor (VEGF)-a:
Forward: 5’-CCTGGCCCTCAAGTACACCTT-3’
Reverse: 5-ACATCTGCTGTGCTGTAGGAAG-3’
Bone morphogenetic protein (BMP)-2: Forward:
S-TTCTGTCCCTACTGATGAGTTTCTC-3’
Reverse: 5-AAGTCACTAGCAGTGGTCTTAC-
CTG-3
BMP-4: Forward: 5~ AGCATGTCAGGATTAGC-
CGA-¥
Reverse: 5> TGGAGATGGCACTCAGTTCA-3
BMP-7: Forward: 5-TCCGGTTTGATCTTTC-

CAAGA-3

Reverse: 5-CCCGGATGTAGTCCTTATAGA-
TCCT-3’

B-actin: Forward: 5-ACTATTGGCAACGA-
GCGGTT-3

Reverse: 5-CAGGATTCCATACCCAAGA AGGA-3’

The total RNA was extracted with TRIzol re-
agent and quality checked for purity and integri-
ty. The first strand cDNA was synthesized with
PrimeScript RT reagent kit (TaKaRa Bio, Dalian,
Liaoning, China). The RT-PCR was conducted
with SYBR Green Master kit (Promega, Madison,
WI, USA) in according to the manufacturer’s in-
struction. The PCR conditions were as following:
98°C denature for 30 s, 60°C annealing for 30 s,
68°C extension for 30 s by 35 cycles, followed by
68°C extra extension for 5 min. The bands were
visualized with EB staining and analyzed with
ImagelJ software. The relative expression was cal-
culated and normalized to B-actin. The results are
representative of at least three independent expe-
riments.

Measurement of Tibial Bone Density

The bone mineral density (BMD) was moni-
tored and recorded with Lunar-iDXA dual X-ray
absorptiometry (GE, Fairfield, CT, USA) at week
0, 1, 2, 4, 6, 8 post-surgery in control and tibia
fracture rat model.

Measurement of Trabecular Thickness
The rat tibia was scanned by micro-CT wi-
thin 2 mm of fracture ends. Each site was se-
rially scanned for 180 consecutive layers with
the depth of 14 um at a voltage of 55 KV and a
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current of 145 Ma. Reconstruction was perfor-
med with pCT80 Evaluation Program (v6.5-1,
Scanco Medical, Bassersdorf, Zurich, Switzer-
land) and trabecular thickness was calculated
(Tb.Th).

Enzyme-Linked Immunosorbent
Assay (ELISA)

Serum was isolated from control and surgery
model rats. The concentration of inflammatory
factors TNF-a, IL-6, IL-4 and bone metaboli-
tes alkaline phosphatase (ALP), B cross-linked
C-telopeptide of type 1 collagen (B-CTX), pro-
collagen type 1 N-terminal propeptide (PINP)
were measured by ELISA kit following the ma-
nufacturer’s instruction (Invitrogen, Carlsbad,
CA, USA).

HE Staining

Tibia callus tissues were collected at diffe-
rent time points (week 0, 1, 2, 4, 6, 8) and 4%
paraformaldehyde was fixed for 24 h. After 5
weeks of decalcification in ethylenediaminete-
traacetic acid (EDTA) solution, samples were
paraffin-embedded and sliced into 5 pm thin
sections. Slides were deparaffinized in xylene
for 10 min by 3 times, and rehydrated by se-
rial soaking in anhydrous ethanol 10 min, 95%,
85%, 75% ethanol, respectively, for 5 min. After
hematoxylin staining for 10 min, the slides were

140 - —=— control
—e— sham
120 +
|
= 80r
£ . :
g of
m N
3
40 + ! *
*
3
20 C 1 1 1 1 Il 1
0 1 2 4 6 8
time/week

Figure 1. Bone density at different time points of tibia
fracture. Bone mineral density (BMD) was determined by
Lunar-iDXA dual X-ray absorptiometry and expressed as
mineral concentration (mg/cm?). Each value was represen-
tative of at least three individual measurements. *p<0.05
surgery vs. control.

washed thoroughly with distilled water for 20
min. They were subjected to eosin staining for
another 3 min, soaking in 95% anhydrous etha-
nol for 5 min twice, and in xylene solution for
10 min. Then, slides were mounted in neutral
resin for microscope examination.

Statistical Analysis

Data from three independent experiments were
subjected to variance analysis using SPSS19.0
software (SPSS Inc., Armonk, NY, USA), and
all the results were presented as mean + standard
deviation (SD). One-way ANOVA method was
employed for multiple group comparison analysis
and LSD for in-group analysis. The statistical si-
gnificances between data sets were expressed as
p values, and p<0.05 was considered statistically
different.

Results

The Change of Bone Density After
Tibia Fracture

The bone density was monitored by Lunar-i-
DXA dual X-ray absorptiometry and the chan-
ge was showed in Figure 1. We inspected bone
density up to 8 weeks after tibia fraction. The
bone density was steady in control group, whi-
le declined by 30.59% at week 2 and 51.21% at
week 4 in sham group rats. From week 6, bone
density in the surgical group increased progres-
sively, but still significantly lower than con-
trol (p<0.05). Our results showed a two-phase
change of bone density during convalescence.

Trabecular Thickness Change
in Recovery Phase

Trabecular thickness was evaluated by recon-
struction method from uCT data’® (Figure 2).
There was no significant change in our 8-week
monitoring period in control groups, which indi-
cated no new bone generation. By contrast, the
trabecular thickness in surgical group rats incre-
ased dramatically over time, and there was no
significant difference between surgical and sham
groups at week 8 (p<0.05).

Change of Inflammatory Factors and
Bone Metabolic Marker in Serum

Tibia fracture elicited a severe immune reaction
and tremendous metabolism shift. We collected se-
rum samples from both control and surgical rats.
Serous contents of indicated factors were determi-
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Figure 2. Trabecular thickness change in recovery phase.
Trabecular thickness was measured at week 0, 1, 2, 4, 6,
8. Each point represented three independent measurements.
*p<0.05 surgical vs. Control.

ned by ELISA. Inflammation marker fluctuations
were presented in Figure 3. During week 1-2, the
concentration of TNF-a and IL-6 in surgical group
elevated substantially by 42.14%, 35.42%, 34.50%,
48.18%, respectively, in comparison to the control
(p<0.05), which demonstrated marked inflamma-
tion progression. The concentration of TNF-a and
IL-6 in the surgical group had no significant diffe-
rence respect the sham group at week 8. However,
the concentration of IL-4 in the surgical group was
lower (17.25% reduction at week 1 and 34.11% re-
duction at week 2) than the sham group, and there
was no significant difference between surgical and
sham groups (p<0.05).

Change of Serous Bone Metabolic
Markers in Fracture Rats

ALP is a well-recognized indicator for a bone
generation; PINP and B-CTX for bone resorp-
tion. Also, PINP and B-CTX are highly sensiti-
ve biomarkers for bone transformation, and high
PINP corresponded to high transformation rate.
As shown in Figure 4, ALP content declined in
the sham group from week 1 to 6 and elevated at
week 8, while it was still significantly lower than
control (p<0.05). By contrast, both PINP and
B-CTX increased at first and reached a maximum
of 315.2 £29.6 pg/ml, 66.02 + 7.01 pg/ml respecti-
vely in the sham group, while 182.5 + 19.1 pg/
ml, 21.52 £ 3.11 pg/ml in control (p<0.05). These
results indicated active bone transformation and
generation at week 6.
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Upregulation of RUNX2, TGF-$1, VEGF-c,
BMP-2, BMP-4, and BMP-7

This RUNX2 is an important transcriptional
factor in the osteoblastic differentiation and skele-
tal morphogenesis. Both TGF-f1 and VEGF-a are
potent stimulators of osteoblastic bone formation.
BMP-2, BMP-4, and BMP-7 are secreted ligands
of TGF-p superfamily, which are involved in oste-
ogenesis”. The relative expression of these factors
in callus tissue was determined by RT-PCR. As
shown in Figure 5, all the indicated factors were
upregulated significantly (p<0.05) and peaked at
week 6. Moreover, the increases were consistent
with bone metabolic index, which further illustra-
ted active osteogenesis at the time point.

Histopathological Change During
Coalescence

Next, we attempted to analyze the pathologi-
cal progression after the operation. Cryo-sections
were prepared with callus tissue from both control
and sham rats, which were subjected to HE stai-
ning following standard protocol and carefully
examined by experienced pathologists (Figure 6).
Tissue necrosis, periosteal reactive hyperplasia, in-
flammatory cell infiltration and cell massed, were
observed at week 2. The osteoblast was generated
at week 4 and fibrous callus connection was deve-
loped at week 8 along with chondrogenesis.

Discussion

Tibia is an important bone bearing most of
our body weight, which is commonly subjected
to fracture caused by automobile collisions, sport
injuries or falls from a height*>*". Beyond that,
tibia fracture also frequently occurs in elderly
people who suffer calcium loss and osteoporo-
sis??, although many could be managed by simple
immobilization and rest. The improper treatment
of tibia fracture will pose a high risk of disabi-
lity and bone non-union, which warns of close
post-surgical inspection®.

With the advance of surgical technology, the-
re are currently varieties of choice for operation
procedure, which radically rely on the specific
medical conditions. In this study, we specifical-
ly focused on intramedullary Kirschner wire
fixation method in our rat model as it’s well
established and clinically practiced®*. Inflam-
mation is the essential event in bone healing?.
After disruption of vascular structure and ex-
tracellular matrix, inflammation was triggered
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Figure 3. Change of serous inflammatory factors in fractu-
re rats. The indicated factors were measured at week 0, 1,
2,4, 6, 8. Each data was representative of at least three in-
dividual experiments. A: TNF-a; B: IL-4; C: IL-6; "p<0.05
(week 1); 4p<0.05 (week 2); *p<0.05 (week 4); *p<0.05 (week
6); "p<0.05 (week 8).

by the local generation of stimuli. Inflamma-
tory cells played crucial roles in resorption and
regeneration of bone healing, which manifest it-
self in the form of delayed healing. However, as
in many other diseases, inflammation could be
a double-edged sword for tibia fracture®. The
unleashed and over-reactive inflammation may
result into non-union, permanent tissue altera-
tion, and chronic disability?’. The appropriate
timing for initiation and termination of acute
inflammation is crucial to the healing process.
In consistent with this concept’, our study in
the tibia fracture rat model demonstrated that
pro-inflammatory factors TNF-a and IL-6
sharply elevated immediately after fracture
occurrence. This acute phase of inflammation
persisted two weeks in our animal model and

was accompanied by a reduction of bone re-
generation and an increase of bone resorption.
Subsequently, inflammation was progressively
suppressed and reversely correlated to increase
of proliferation and differentiation. The Runx2
is obligatory for osteoblast differentiation?,
along with other members of TGF-B family,
participate in the induction of osteoblast proli-
feration and differentiation. Expression of these
factors was upregulated upon surgery and in-
creased over time during healing, especially at
the second half stage, indicating active roles in
granulation tissue and callus formation.
Morphological examination of our results also
validated the secondary fracture healing pro-
cess”. Bone density declined dramatically in the
first 4 weeks, which corresponded to resorption
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Figure 4. Change of serous bone metabolic marker in
fracture rats. The indicated factors were measured at week
0,1,2,4, 6, 8. Each data was representative of at least three
individual experiments. A: ALP; B: PINP; C: B-CTX.
#p<0.05 (week 1); 4p<0.05 (week 2); °p<0.05 (week 4);
*p<0.05 (week 6); "p<0.05 (week 8).
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Figure 5. Upregulation of osteogenic factors after fracture. Quantitative Real-time PCR analysis of RUNX2, TGF-f1,
VEGF-a, BMP-2, BMP-4 and BMP-7 in callus tissue from sham group. The relative expression was calculated by 2-44¢t
method and normalized to GAPDH. Data was presented as Mean + SD from at least three independent experiments.
#p<0.05 (week 1); 4p<0.05 (week 2); *p<0.05 (week 4); *p<0.05 (week 6); "p<0.05 (week 8).

phase, and then increased with regeneration and
remodeling®. However, trabeculae thickened
continuously at fracture sites. Pathological exa-
mination of fracture sites further confirmed this
process.

Conclusions
We have established and carefully characteri-

zed a tibia fracture model in rat for future stu-
dy. Our model manifested a classical secondary
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fracture-healing mode, which was validated at
molecular, morphological, and pathological level.
Given the urgent need for understanding the etio-
logy and biology underlying fracture healing, our
study thus contributes to the arsenal for further
investigation.
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Figure 6. Histopathological alteration in tibia callus tissue (HE x100).
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