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Abstract: Objectives: In this study, we used a canine high-energy fracture model to examine the relationship be-
tween the early inflammatory reaction in adjacent tissues and the ability for osteophyte growth, aiming to identify
causes that lead to atrophic nonunion inflammatory disease and to provide new strategies for prevention and
treatment. Materials and methods: Forty-eight models of canine femoral high energy fractures were prepared and
randomly divided into groups A and B (n=24 in each group). Dogs in both groups underwent open reduction and
6-hole plate internal fixation. Group A models were re-opened, and muscle near the bone was scraped at 14 d after
the operation. On days 3, 17, 28, and 42 after fracture, 6 experimental dogs were euthanized per group, and the
fracture specimens were used to examine pathologic changes and the growth of callus in the fractured end and its
adjacent tissues. Results: At day 14, neutrophil infiltration, with no macrophage recruitment, no mesenchymal cell
proliferation, and no fracture healing cascade were observed in the adjacent tissues of both groups. Immediately
after the second injury was performed in group A, many macrophages were seen, and mesenchymal cells prolifer-
ated, which initiated vigorous osteophyte growth and led to osteophyte healing. Atrophic nonunion was observed in
group B without secondary injury. Conclusion: Macrophage recruitment deficiency in adjacent soft tissue in early
surgery for high-energy fractures may be an important cause of atrophic nonunion. Secondary injury inflammation
can effectively recruit mononuclear macrophages, generate osteoclasts, re-initiate the growth of osteophytes, and
promote fracture healing.

Keywords: Canine femoral high energy fracture model, atrophic nonunion, secondary injury, macrophage, new
callus

Introduction

With the rapid development of modern industry
and transportation, high energy fractures con-
tinue to increase. The incidence of multiple inju-
ries and fractures has also been increasing,
especially in critically injured patients. High-
energy fractures, multiple fractures, and multi-
ple injuries with fractures are prone to bone-
less growth, which ultimately leads to atrophic
nonunion [1-4]. The exact mechanism and ca-
uses leading to atrophic nonunion are not fully
understood.

Previous studies suggested that inadequate
blood supply to the fracture and mechanical

instability may be the main cause of atrophic
nonunion [2, 4]. Reed et al. reported no isch-
emia at the fracture sites with atrophic non-
union [5], suggesting that blood supply defi-
ciency may not be the only cause. Moreover,
mechanical stability may not be indefinitely
achieved in clinical practice. Also, Bastian et al.
pointed out that the early inflammatory phase
of fracture healing initiates the healing process
and guides a series of processes [6]. Fracture
healing may be impaired if the process is inter-
rupted by a systemic inflammatory reaction or
excessive local inflammatory reaction [6]. Loi et
al. pointed out that if the inflammatory response
caused by fracture is well-controlled during the
acute phase, it can promote healing; if the
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acute phase is inhibited, chronic inflammation
may appear, affecting the healing process [7].
Bleek et al. proposed that the initiation process
of fracture healing is an immune process. Early
hematoma formation after the fracture indi-
cates the beginning of the inflammatory reac-
tion. Pre-inflammatory stimulation activates
the coagulation cascade and activates neutro-
phils, monocytes, and macrophages, and si-
multaneously, the fracture healing cascade [8,
9l.

Most high-energy fractures are open commi-
nuted fractures, whose damage is mostly con-
cealed by exterior phenomena such as open
pollution and fracture comminution. As muscle
contusion is not easily monitored, its damage
to the fracture healing tends to remain neglect-
ed. It is believed that during high-energy frac-
tures, too much impact energy is released dur-
ing the original impact, causing extensive tis-
sue damage; however, the true degree of dam-
age is not proportional to the degree of open
comminution and may appear as a simple
closed fracture. It has been suggested that
high-energy fractures are associated with both
blood supply damage and a strong inflammato-
ry reaction, which affects the micro-environ-
ment of the fracture repair, thus impairing the
ability for fracture healing [6-11].

In our previous study, we established an experi-
mental model of canine femoral high energy
fracture [10], leading to local severe inflamma-
tion. Adjacent muscles were severely stabbed
with bone ends to simulate extensive soft tis-
sue damage (intraosseous blood supply and
bone marrow were not damaged) of high-ener-
gy fractures to study the local inflammation.
Open reduction and 6-hole plate internal fixa-
tion produced marked local inflammation, whi-
ch resulted in atrophic nonunion. However, for
the same degree of original damage and surgi-
cal injury, if the surgery was delayed for 7 days,
only mild local inflammation was observed
and fracture healing was observed [10]. These
results suggest that mild inflammation in the
early stage of fracture promotes healing, but
early severe inflammation prevents fracture
healing.

Establishing an atrophic nonunion and dystro-
phic nonunion animal model may be very chal-
lenging due to small rodents’ strong callus
growth ability; therefore, large animals are of-
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ten chosen for research purposes. In our pre-
liminary experiment, we examined high-energy
fractures in sheep. Our data suggested that the
femoral bone cortex of sheep was thin and
brittle, and fixing plate screws was challeng-
ing. Moreover, a vigorous callus growth was
observed, and it was challenging to induce non-
union. However, the cortex of the canine femur
bone was found to be thick and hard. We were
able to firmly fix the plate and screws to the
bone. The bone growth was slow, which is simi-
lar to humans.

In this study, we used this model to examine
further the relationship between the early in-
flammatory reaction of adjacent tissues and
the ability for osteophyte growth, aiming to
identify new causes that lead to atrophic non-
union inflammatory disease and to provide new
strategies for prevention and treatment of atro-
phic nonunion.

Materials and methods
Experimental animals

Forty-eight normal adult female beagle dogs
(age 4-6 years old, weight 8-12 kg with an aver-
age of 9.0 £+ 1.5 kg) were selected for this
study. Femur length was 110-150 mm (dis-
tance between the large trochanter and the
external femoral condyle) with a diameter of
12-15 mm (measured with a scale to measure
the diameter of the fracture end during sur-
gery). All animals were housed in an environ-
ment with a temperature of 23 + 3°C, relative
humidity of 40-70%, and a light/dark cycle of
12/12 hr and fed with 500 g of experimental
dog food per day in the morning; all animals
had free access to water.

Animal grouping was randomized, with no dif-
ference in age and weight between groups.
Animals had no trauma, infection, or malforma-
tion and no other systemic diseases. In ad-
dition, all animals were kept by the same
breeder.

The experimental animals were provided by the
Experimental Animal Center of Xi'an Jiaotong
University. This study was approved by the eth-
ics committee of Xi'an Jiaotong University (No.
2019-959). All experimental procedures were
in accordance with the Animal Experiment
Guidelines of Xi'an Jiaotong University and were
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in line with international animal ethics st-
andards.

Steel plate

A self-made plate with 6 holes customized wi-
th 00Cr18Nil4Mo3 stainless steel material
(length: 60 mm (2/5 of the average length of
the femur); width: 8 mm (1/4 of the bone cir-
cumference); thickness: 3 mm) conforming to
GB 4234 standards was adopted. The plates
were manufactured by Suzhou Xinrong Bolt
Medical Devices Co. Ltd. (Zhangjiagang city,
Jiangsu Province).

Study design

This experiment was set as a randomized con-
trolled animal experiment. Forty-eight experi-
mental models were prepared as previously
described [10]. Briefly, a simple fracture of the
closed femur of the dog was artificially made by
puncturing the periosteum and muscle around
the bone end 10 times. The puncture depth
was 4 cm overlapping the bone end, and the
total depth on both sides was 8 cm. Animals
were then randomized into group A and B (n=24
in each group). Animals in both groups were
treated with open reduction and received a
6-hole plate internal fixation.

Animals in group A received re-resection 14
days after the operation (which was not per-
formed for group B). Briefly, after anesthesia,
the original incision was cut again; the muscle
was cut straight to the fracture. As the hema-
toma was absorbed, excessive inflammation
was observed in the periosteum and muscles
that temporarily lost the chemotactic ability of
stem cells (comparable to group B). In addition,
no organic tissue was generated, so the adja-
cent muscle was not connected to the bone
end. The periosteum detacheres (15 mm in
width) were then inserted between the muscle
and the bone, and the muscle was scraped
three times toward the surface of the bone. The
scraping range was 3 cm, i.e., 1.5 cm above
and below the fracture line (meanwhile, a small
amount of muscle tissue was taken for exami-
nation), and then the incision layer was sutured
by layer. The periosteum and muscle that were
subjected to excessive inflammation and recov-
ered from the inflammation remained in a state
of quiescence or non-healing. Moreover, the
inflammation secondary to injury mostly came
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from soft tissue incision injury instead of the
periosteum and muscle.

The same surgical team performed experimen-
tal operations for both groups. All animals that
underwent open reduction or secondary inci-
sion were treated with a local injection of 4 mg
of renin-salt saline to stop bleeding. No antibi-
otics or anti-inflammatory drugs were used af-
ter surgery. The animals were free to move, the
limbs were not broken, and at early stages,
limbs were mostly suspended, and animals
were carefully fed.

The animals were sacrificed intravenously wi-
th 500 mg thiopental (Shanghai Xinya Phar-
maceutical Co. Ltd.). Then, 20 ml of 10% po-
tassium chloride was injected intravenously to
stop the heartbeat.

Gross specimen observation

General conditions of the animals, including
diet, activity, local wound healing, and swelling
of the affected limb, were observed and re-
corded. After tissues were taken, formation of
the callus was observed.

Biomechanical testing

Two groups of 6-week-old animals were chosen
to measure the overall femoral specimens.
Youhong 504e three-point bending tester
(Shanghai Youhong Testing Technology Co.,
Ltd.) was adopted to conduct a three-point
bending stress test at the fracture site, and
the maximum limit bending stress value was
recorded. Mean values were compared.

X-ray examination

Before performing euthanasia, the affected
limbs were examined in two groups at weeks
2 and 6 following fracture by digital X-ray imag-
ing to observe the callus status. A square grid
with a side length of 1 mm was used to mea-
sure the number of grids with bone defection
for statistical analyses.

Radiology scanning analysis

The metabolic activity of the bones at the frac-
tured end in two groups was analyzed using
9mTc flash scanat 3d, 7 d, 14 d, 21 d, and 28
d after a fracture. Four dogs were chosen from
each group. At 3 d, inflammatory bone metabo-
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lism did not increase. Osteuclide reflected the
blood supply changes at the bone end. At 7 d,
the inflammatory bone metabolism increased
from the sides away from the bone end, while
at 14 d, 21 d, and 28 d, bone metabolism
advanced to the bone end.

Light microscopy analysis of tissue section

At3d, 17 d, 28 d, and 42 d after the fracture, 6
animals from each group were chosen. The
fracture specimens were taken (the adjacent
muscles were taken during bone dissection at
two weeks in group A), and the growth of the
fracture end and its adjacent tissues was
observed. The specimens were fixed in 10% for-
malin at room temperature for over 24 hours,
and then H&E staining of paraffin sections
(room temperature for 40 min; thickness 5 um)
and plastic section VG staining (room tempera-
ture for 30 min; thickness 30-50 um) were per-
formed to observe early inflammatory cell che-
motaxis and growth of the callus. H&E staining
was performed 3 days after surgery and 3 days
after the second injury. The number of neutro-
phils and macrophages was counted from three
different high-power fields of vision. The aver-
age value was recorded for statistical analysis.

Transmission electron microscopy observation

At 3 d and 17 d after the fracture, soft tissue
specimens and bone specimens at 2 mm from
the fracture end were obtained from two groups
for cell growth observation. The tissue sample
was immediately fixed in 2.5% glutaraldehyde
fixative at 4°C for over 2 hours, dehydrated by
ethanol gradient, followed by impregnation and
embedding using epoxy resin Epon812. After
polymerization, tissues were prepared for semi-
ultra-thin sections with a thickness of 1-2 ym,
and then methylene blue staining was per-
formed, followed by light microscope location
and slicing for 50-70 nm using Swedish LKB-V
ultra-thin slicer. After staining by uranium ace-
tate and lead citrate, a transmission electron
microscope (Hitachi H-7650) was used for
observation and photography. Photographs of
the soft tissues were obtained by the electron
microscope at a magnification of 4000X on day
3 after fracture and 3 days after secondary
injury. The number of mesenchymal cells in
100 visual fields was counted for statistical
analysis.
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Statistical analysis

Continuous data conforming to a normal distri-
bution are described as mean + standard devi-
ation (mean + SD). SPSS 22.0 software (IBM
Corp., Armonk, NY, USA) was used for statistical
analyses. Student’s t-test was used to explore
differences between groups. P-values <0.05
were considered significant.

Results

The normal dietary habits and weight of ani-
mals increased by 0.5-1.7 kg two weeks before
the sacrifice. Growth of the callus is shown in
Table 1; histologic changes are presented in
Table 2; radiologic results are shown in Table 3;
electron microscope scan results are shown in
Table 4. Figures 1A, 2A-D and 3A-F represent
dog images in Group A, while Figures 1B, 1C,
2E, 2F and 3G are dog images in Group B.

Changes observed during first 14 days after
fracture

The injury procedures and tissue responses
were the same in the two groups. At 3 d after
the fracture, the tissue produces much inflam-
mation and neutrophils (extracellular nets) [12,
13]. In our previous study [10], we found no
statistical difference in the number of neutro-
phils or macrophages between the two groups
(P<0.01), and electron microscopy showed
breaking scattered collagen fibers between
muscle cells. In this study, no collagen fibers
and mesenchymal cells were formed 14 d after
fracture, and there was no osteophyte growth
between the bone ends (Figure 1B). Apoptosis
was not observed in osteocytes, and osteo-
phyte growth was not initiated.

The radiologic scan showed no cold zone at the
end of the fracture at 3 d (at this time, inflam-
matory bone metabolism was not increased),
which appeared at 7 d (the bone metabolism
began to increase; Figure 4C); at 14 d, the cold
zone nearly disappeared (metabolism recov-
ered, fracture gap was less than 5 mm, and
radiologic scans were not displayed; Figure 4F;
Table 3).

Changes observed 17 days after fracture

In group A (3 d after secondary injury), few neu-
trophils and a large number of macrophages
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Table 1. Gross specimen observations at different days after fracture

Day after fracture/Group 3 d 17 d (3 d after second operation) 28 d (14 d after second operation) 42 d (28 d after second operation)

Group A Abundantedema fluid No edema fluid

Granulation covers bone en
epiphyses in fracture gap

Group B Abundant edema fluid No liquid leakage, no granulation Scar in the fracture gap

d; Callus bridge

Atrophic absorption of the bone end;
fracture space widened

Table 2. Histologic changes at different days

Day after fracture/Group 3d 17 d (3 d after second operation) 28 d (14 d after second operation) 42 d (28 d after second operation)
Group A A large number of neutrophils; No macrophages; A small number of neutrophils; Fracture space and external callus; Callus bridging fracture space;
No destruction of bone trabecular meshwork A large number of macrophages coupling of bone formation to resorp- coupling of bone formation to resorption;
and blood supply tion tunnel-like reconstruction
Group B A large number of neutrophils; No macrophages; Rich capillaries in adjacent tissues; Fracture space and external tissue Scar barrier; sclerotic bone end internal
No destruction of bone trabecular meshwork No macrophages organization; No callus; bone reconstruction; no growth outside the
and blood supply Scar bone end
Table 3. Radiologic scan results at different days in groups
Day after fracture/group 3d 7d 14 d 21d 28 d
Group A No metabolism increase at the bone metabolism  Second operation 7 14
end of the fracture; No cold zone  increase; relatively Metabolism pushed onto Metabolism increase; Cold zone disappears;
cold zone the bone end; cold zone  relatively cold zone Metabolism widened
decrease
Group B No metabolism increase at the bone metabolism  Metabolism pushed on to fracture gap <1 cm;  cold zone disappears;
end of the fracture; No cold zone increase; relatively the bone end; cold zone  cold zone disappears Metabolism not widened
cold zone decrease

Table 4. Electron microscope scan results at different days in groups

Day after fracture/group 3d

17 d (3 d after second operation)

28 d (14 d after second operation)

Group A A large amount of necrotic inflammatory
After secondary injury cells; breaking scattered collagen fibers;
Osteonecrosis
Group B A large amount of necrotic inflammatory

cells; breaking scattered collagen fibers;
Osteonecrosis

A large number of mesenchymal cells
proliferate; collagen hyperplasia

No collagen outside the bone, no
fibroblasts, no osteoblasts; osteoblasts in
the bone, osteogenesis

A large amount of collagen outside the bone,
Fibroblasts in the outer callus, Collagen fiber,
Capillaries

No osteoblasts in bone, osteocyte apoptosis

No collagen outside the bone, no fibroblasts, no
osteoblasts

osteoblasts in the bone, osteogenesis
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Figure 1. Tissue sections 17 d after the fracture. A. Secondary injury group (3 days after the second operation). A
small number of neutrophils and a large number of macrophages in the adjacent tissue. H&E staining (40x%). B. In
the early surgery group, the fractured end was covered with tissue organization, with no osteoclasts, no coupling of
bone formation to resorption, and no bone growth outside the fracture space and bone ends; VG staining (40x). C.
Adjacent tissue without collagen fibrosis, tissue organization growth, rich capillaries, and boneless growth behavior;
H&E staining (100x).

(Figure 1A) were observed, and electron
microscopy results showed that mesenchymal
cells began to proliferate. In group B, angiogen-
esis was observed, without inflammatory cell
infiltration and mesenchymal cell proliferation
(Figure 1B, 1C). By light microscope macro-
phages and by electron microscope mesenchy-
mal cells showed significant differences bet-
ween the two groups (112 macrophages in
group A, vs. 9 in group B, P<0.01).

Changes observed 28 days after fracture

In group A (14 d after the second injury), a tis-
sue organization in the myocyte space was
observed (Figure 2D). The tissue organization
covered the bone end. The growth of callus and
convergence was seen in the fracture space
and around the bone end. A large number of
macrophage fibroblasts was seen in the inter-
stitial space in new bony trabeculae. Moreover,
osteoclasts were seen on the trabecular bone
wall (3 in group A vs. O in group B, P<0.01), and
a large number of osteoblasts were also pres-
ent (54 in group A vs. 7 in group B, P<0.01),
similar to the coupling of bone formation to
resorption (Figures 2B, 3A-C).

Electron microscopy showed that adjacent tis-
sue collagen fibers and mesenchyme contin-
ued to proliferate. Many osteoblasts, macro-
phages, and mesenchymal cells were observed
in the callus of group A. In group B, a weak
external callus appeared far from the fracture
end; few osteoclasts and osteoblasts were
observed, and the coupling of bone formation
to resorption was extremely weak, and scars
grew in the fracture space (Figure 2E, 2F;
Tables 2, 4).
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Changes observed 42 days after fracture

Callus healing in all 6 cases in group A trans-
formed the nonunion model into a callus heal-
ing model. X-ray showed that callus (a number
of couplings of bone formation to resorption)
surrounded the fractured ends and completely
filled the fracture gap, exceeding the average
of the original bone ends by 11 grids. The ma-
ximum average bending stress was 172 N. In
group B, atrophic nonunion was observed in all
6 cases, and the average bending stress value
was zero, which was different from group A
(172 in group A vs. O in group B, P<0.01).
Scarring prevented the atrophy of the bone,
and, in turn, atrophic nonunion emerged. The
weak coupling of bone formation to resorption
in the bone end only remodels the bone end
itself and does not grow into the fracture space,
resulting in sclerosis of the bone end; thus, the
fracture gap widens. The area of bone absorp-
tion covered 39 grids; the average number of
callus was 50 grids less than that in group A,
with a difference (11 grids in group A vs. 39
grids in group B, with a difference of 50,
P<0.01).

In this study, we presented the formation pro-
cess and structure of the new callus. After the
second injury, light and electron microscopy
showed that the collagen fibers and fibroblasts
(derived from mesenchymal cells) that make up
the epiphyseal precursor tissue first formed at
the edge of the soft tissue, which co-existed
with muscle fibers (Figure 2D). Fibroblasts we-
re transformed into chondrocytes after induc-
tion of osteogenic induction factor BMP, which
was demonstrated to be derived from macro-
phages present at the fracture end (Figure 3)
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Secondary injury inflammation promotes fracture healing

* / "-“-.‘ \,'.\-

Mqltlnucleated osteocla

‘\\\

N

"~

. W

. osteoblasts
gt Ve v

Figure 2. Tissue sections 28 d after the fracture. A-D. 14 d after the second operation of the group. A. The interface
between bone and tissue organization shows a thin layer of cartilage and trabecular bone along the bone surface.
H&E staining (40x). B. Multinucleated osteoclasts in the new callus follow a large number of osteoblasts at the
edge of the trabecular bone, similar to the coupling of bone formation to resorption. H&E staining (200x). C. Mac-
rophages and fibroblasts. A large number of macrophages and fibroblasts in the trabecular space; macrophages
near the edge of the bone are enlarged and extracted osteoinductive factors to induce adjacent fibroblasts into
chondrocytes or osteoblasts. H&E staining (40x%). D. Collagen fibers and muscle fibers coexisted. H&E staining
(40x%). E, F. There was no secondary injury in the early operation group. There was no osteophyte growth mechanism
in the adjacent tissue and fracture space at 4 weeks after the operation. There was no coupling of bone formation
to resorption behavior, but only a scar growth mechanism. E. A small amount of weak external callus (coupling of
bone formation to resorption) is initiated outside the cortical bone far from the end of the bone, which can slowly
remodel the bone end representing direct healing in the bone end. It can directly heal the unstressed bone piece
and the fractured end, but it cannot grow to the scar gap and adjacent tissues. H&E staining (40x%). F. Scar tissues
surround the end of the bone and the fracture. H&E staining (40x%).
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Figure 3. Tissue sections 42 d after the fracture. A-G. 28 days after the second operation in group A, no secondary
injury was observed in group B. A, B. The new callus was located at the periphery of the bone end and closely com-
bined with the apoptotic bone of the original bone end. The boundary between them is also very clear. Osteoclasts
are on one side of the inner surface of the new trabecular bone, and the opposite side has many scattered osteo-
blasts, with inflammatory cells, fibroblasts, and capillaries in trabecular space. This is similar to Frost’s coupling of
bone formation to resorption, constituting a large new osteoblast-induced growth system. H&E staining (40x). C.
Multiple mononuclear cell aggregations in the new trabecular space are new osteoclasts, as well as mature osteo-
clasts and senescent apoptotic osteoclasts. H&E staining (200x). D. Osteotylus reconstruction of apoptotic bone.
Cutting cones of osteoclasts in different directions is destroying apoptotic bones, forming “tunnels” in a different
direction, locking the callus with the three fractured ends. H&E staining (40x). E. Cutting cones of osteoclasts are
enlarged, and the osteoclasts follow the inflammatory cells. H&E staining (400x). F. The process of fibroblasts caus-
ing bone-like osteophytes: fibroblasts-chondrocytes-bony trabecule (coupling of bone formation to resorption group),
the result of the gradual transformation, is the growth of osteophytes into tissue organization. H&E staining (40x).
G. The dead bone interface of scars in the early group. H&E staining (40x).

[14, 15]. Chondrocytes did not directly trans-
form into osteoblasts but initiated coupling of
bone formation to resorption (Figure 3F) [16,
171.

Light microscopy results of H&E staining sh-
owed that one side of the trabecular bone sur-
face was scattered with osteoclasts. Also, the
contralateral side was scattered with osteo-
blasts, interstitial inflammatory cells, fibrobla-
sts, and capillaries (Figure 3A, 3B), similar to
the coupling of bone formation to resorption
proposed by Frost et al. At first, coupling of
bone formation to resorption destroyed only
the callus itself, and the callus continued to

104

self-strengthen and grew in the direction of the
granulation tissue, which met the contralate-
ral side, and then the two fractured apoptotic
bones were remodeled tunnel-like. The capillar-
ies and osteoblasts were directed where the
osteoclasts tunnels point to (Figure 3D), form-
ing osteophytes in different directions, which
locked osteophytes in on three sides and stabi-
lized the fractured end.

Discussion

The secondary injury phenomenon was first
reported in the 1950s when Borden and Smith
[18] observed 24 cases of recurrent femoral
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Figure 4. X-ray examination and radioisotope scanning of the affected limbs after the fracture to observe the growth
of the callus and bone metabolism. A. Secondary injury group (group A), 14 days after the first surgery. X-ray exami-
nation showed no osteophyte growth in both groups (the results were comparable). B. Seven days after fracture, the
radiologic scan showed a cold zone of bone metabolism of bone ends in both groups (the results were comparable).
C. The bones were rapidly growing on both sides of the fracture 14 days after the second operation. D. The callus
was healed 4 weeks after the second operation. E. In the early operation group (group B), there was no osteophyte
growth, bone end absorption, or atrophic nonunion formation at 6 weeks after the operation, loose steel plates, or
screw fractures. F. In the early operation group (group B), the cold zone of the radiologic scan was greatly reduced

after 3 weeks.

fractures. They found that the callus growth
after the second fracture was twice as fast as
that of the first fracture, with average times of
37 days and 74 days, respectively. A decade
later, Charnley et al. [19] reported 38 femoral
fractures in 37 cases and found that the inci-
dence of nonunion was 25% when surgery was
carried out within 6 days after injury, and the
incidence of nonunion was 7% when surgery
was carried out 7 days after fracture. They sug-
gested that postponing surgery could stimulate
the process of bone regeneration for the sec-
ond time. In 2015, Pan et al. [11] performed an
experimental study to investigate the role of
delayed operation in stimulating the growth of
strong external callus in high-energy fractures
and explored a new mechanism for bone heal-
ing. They found that the secondary injury can
stimulate the growth of the callus. However, the
above study only described the phenomenon of
secondary injury but did not explore its cytologi-
cal mechanism.

In this study, we performed a secondary injury
of soft tissue exfoliation two weeks after the
high energy fracture nonunion model was es-
tablished (acute inflammation subsided). At
that time, periosteum has lost the capacity for
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callus growth due to excessive inflammation
damage. A secondary injury induced callus re-
growth, suggesting that the secondary injury
can restore fracture healing ability. The cyto-
logical data suggested that mild inflammation
in the secondary injury combined with cascade
reaction was initiated by macrophages, and
mesenchymal stem cells initiated bone callus
growth. This further suggested that surgical
injury, i.e., mild inflammation, may also be ben-
eficial to promote fracture healing at appropri-
ate injury time.

It is well-known that fracture healing is initiated
when an injury occurs. However, the direct
response of tissue to injury is inflammation, so
the fracture healing process must start with the
inflammatory process [6-9, 27]. In this study,
“benign” inflammation was induced through
local re-injury of adjacent fracture tissues,
which then initiated callus re-growth. Inflam-
mation stimulated macrophages in adjacent
tissues (Figure 1A, a simultaneous prolifera-
tion of mesenchymal stem cells 29), which
engulfed bone tissue, caused transcription of
bone-inducing factors in the BMP-2 signaling
pathway (Figures 2A-D, 3), and in turn, initiated
callus growth. A certain proportion of macro-
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phages adaptively transform into osteoclasts
(Figure 3A-F) with hard bone tissue or cartilage
tissue, after which osteoclast coupling factor
[8, 14-17] was generated [16, 17] (Figure 3A-F),
stimulating new bone callus formation. After
growth of callus was initiated around the bone
end and the fracture gap, stagnant bone re-
started to grow. A previous study showed that
macrophages at a fractured end are a source of
BMP [14, 15] and can release TGF-B1 by osteo-
blastic cell efferocytosis [20] (Figure 2C). It is
obvious that secondary injury does not increase
blood supply or increase stability; yet, it induc-
es mild re-inflammation and the recruitment of
inflammatory macrophages and mesenchymal
stem cells in the micro-environment. In recent
years, a large number of studies have found
that removing macrophages in the local frac-
ture can cause fracture healing disorders [28-
30]. Our results showed that excessive inflam-
mation (in group B) could not recruit macro-
phages in adjacent tissues but could affect
bone healing. Secondary injury (in group A)
inflammation re-recruits inflammatory macro-
phages based on the destruction of adjacent
tissues, restarting fracture healing, thus indi-
cating that surgery should be postponed [10].
Moreover, a secondary injury may provide an
operable and effective clinical approach to pro-
mote fracture healing. In this way, the inflam-
matory macrophages in the adjacent tissues
engulf the bone-end bone cells, which effec-
tively transcribe the bone-inducing signal sub-
stance to initiate the first callus and lead to
bone-end cell apoptosis [10]. This process is
regulated by four major cascade reactions,
i.e., recruitment of inflammatory macrophages-
-mesenchymal stem cells and collagen hyper-
plasia--initiation of callus growth--apoptosis of
old bone cells under the callus. Previous stud-
ies have shown that macrophages could regu-
late the differentiation of monocytes into os-
teoclasts or bone marrow mesenchymal stem
cells (MSCs) into osteoblasts by TNF-«, IL-13,
and IFN-y [7, 21-23]. Macrophages can also
regulate the proliferation and migration of bone
marrow mesenchymal stem cells, which is con-
sistent with the results of this study.

Previous studies [10], together with our results,
suggest that the primary injury inflammatory
process overlaps with the surgical injury inflam-
matory process after early surgery of a high-
energy fracture. Excessive inflammation pro-
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duced in the early stage can inhibit the recruit-
ment of macrophage cells and mesenchymal
stem cells, impairing healing ability. Delayed
surgery separates the primary inflammatory
process from the surgical inflammatory pro-
cess, breaking down one excess inflammation
into two mild inflammations, two macrophages
recruitment, and two initiating fracture healing
processes, transforming surgical approach
injury that impairs healing into a re-initiated
secondary wound healing response. It is gener-
ally believed that injury of the periosteum and
muscles tends to impair the ability to heal frac-
tures; however, in this study, we restarted the
fracture healing by timely using a secondary
injury.

In the secondary injury group, the excessive
inflammation subsided within 14 days. How-
ever, the healing response ability for inflamma-
tion was just recovered, and during that time
the blocking scar tissue was not yet form-
ed. The mild inflammation recruited macro-
phages and mesenchymal stem cells and re-
started fracture healing. This further suggested
that excessive inflammation of the local tissue
of the fracture may lead to atrophic nonunion,
which can be the best complement to the theo-
ry of “single blood supply failure leading to atro-
phic nonunion”. This also proves that the actual
effect of minimally invasive surgery is not to
simply protect the blood supply. More impor-
tantly, it reduced the inflammatory response,
thus providing new insight into the protection of
inflammation in high-energy fractures to pre-
vent nonunion. Bastian et al. and Bleak et al.
suggested that inflammatory cells activate the
fracture healing cascade [8, 9]. Yet, our data
suggested that only mild inflammation can ef-
fectively activate macrophages to initiate frac-
ture healing, which, on the other hand, was not
observed for severe/excessive inflammation.

Richard et al. created a common low-energy
fracture model and found that bone growth was
accelerated in the early stages after surgery,
but no difference was found in long-term ef-
fects [24]. In the current study, we focused on
high-energy fractures with severe soft tissue
injury-excessive inflammation in the early sta-
ge of the injury impaired fracture healing, while
secondary injury restarted callus growth. A
phenomenon of boneless growth without treat-
ment errors as a biologic healing failure sug-
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gested by Frost [25] postulates that secondary
injury appears during the first operation. Yet,
studying this phenomenon in vivo is challeng-
ing because experimental animals used for
researches rarely suffer from biologic healing
failure [25]. This study reproduced the second-
ary injury phenomenon by stabbing adjacent
muscles to elicit this “no treatment error” ani-
mal model.

In the current study, we found the growth pat-
tern of new osteophytes is destructive growth,
for both necrotic bone end transformation and
growth of new bone defects. While the osteo-
clasts destroy the cartilage or dead bone, cell
osteogenesis induces new bone formation
characterized by the coupling of bone forma-
tion to resorption. The essence of initiating the
growth of the callus is to initiate the coupling
of bone formation for resorption near the end
of the bone. Chondrocytes and osteoblasts are
first formed at the interface between bone and
tissue organization since only bone tissue can
provide osteoinductive substances (Figure 3A,
3B). Bone-like osteophytes are produced out-
side the cortical bone, which is tightly bound to
bone tissue. Meanwhile, there is no new bone
formation in the original bone end, with no
blood vessel growth, and the original bone cell
apoptosis (Figure 3A, 3B). The changes on sur-
face of the callus are a gradual process of fi-
broblasts to chondrocytes to bone trabeculae
(Figure 3F), indicating that fiber osteogenesis
also undergoes a rapid cartilage stage. Inside
the callus, a rich osteoclast population appe-
ars, followed by osteoblasts, which cause a
coupling of bone formation to a resorption
group [8, 17] (Figure 3A, 3B), thus indicating
that the chondrocytes do not directly transform
into osteoblasts. This result suggested that the
initial process of the new callus involves fibro-
blasts that are induced to produce cartilage
and then immediately enter the coupling of
bone formation to resorption. The coupling of
bone formation to a resorption model is the
most basic mode of fracture growth, which is
more active in the new bone callus. The inner
surface of the new trabecular bone is scattered
with osteoclasts and a large number of osteo-
blasts, with a large number of macrophages
and mesenchymal stem cells in the trabecu-
lar space, as well as fibroblasts and capillaries
(Figure 3A, 3B; Table 4), forming the true osteo-
genic induction interface. Many new bony tra-
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beculae enlarge the bone growth area and con-
stitute a huge bone growth system.

The failure of fracture healing is the failure of
inflammation chemotaxis of mononuclear-mac-
rophage-osteoclasts, which leads to failure of
coupling of bone formation to resorption. Mo-
nonuclear-macrophage re-supply can re-initiate
the callus growth (coupling of bone formation to
resorption). Secondary injury inflammation can
initiate this process because it can provide pre-
cursor cells (monocytes) and the most suitable
environment for osteoclast genesis. The degra-
dation products of osteoclasts in the new bone
callus dissolve the trabecular bone matrix to
stimulate the body to produce a “mild inflam-
matory absorption and repair reaction”, so that
the microvasculature is regenerated mononu-
clear-macrophages, and stem cells in the tra-
becular bone space can be continuously sup-
plied (Figure 3A-E). Stem cells are continuously
induced into osteoblasts, while macrophages
engulf degradation products and continue to
fuse into new osteoclasts, constantly replacing
aging osteoclasts. Coupling of bone formation
to resorption is constantly produced, forming
the motive force for continuous growth and
reconstruction of callus. This “microvascular
inflammatory macrophage supply repair mech-
anism” constitutes the biologic basis of cou-
pling of bone formation to resorption. Coupling
of bone formation to resorption induces carti-
lage to become ossified, so the callus grows,
strengthens itself, and grows in the direction of
the granulation tissue, which meets the contra-
lateral side, and then the two fractured apop-
totic bones are remodeled tunnel-like. The cap-
illaries and osteoblasts are directed where the
osteoclasts tunnels point to (Figure 3D), form-
ing osteophytes in different directions, which
lock osteophytes with the two-fracture end in
three sides and stabilize the fracture end.

Conclusion

This study suggests that for high-energy frac-
tures and other nonunion high-risk cases, mini-
mally invasive surgery or elimination of fracture
space by open bone graft should be performed
as early as possible before the mechanical sta-
bility is lost and aseptic inflammation is initiat-
ed. This secondary inflammation can re-initiate
the growth of callus, and increase the bone
healing effect compared to a bone graft itself,
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thus preventing it from developing into atrophic
nonunion from an early stage. This study pro-
motes the development of a more accurate
atrophic bone non-union model.
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