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Abstract

This study investigated the localization of critical enzymes involved in arachidonic acid metabolism during the initial and
regenerative phases of mouse femur fracture healing. Previous studies found that loss of cyclooxygenase-2 activity impairs
fracture healing while loss of 5-lipoxygenase activity accelerates healing. These diametric results show that arachidonic acid
metabolism has an essential function during fracture healing. To better understand the function of arachidonic acid
metabolism during fracture healing, expression of cyclooxygenase-1 (COX-1), cyclooxygenase -2 (COX-2), 5-lipoxygenase (5-
LO), and leukotriene A4 hydrolase (LTA4H) was localized by immunohistochemistry in time-staged fracture callus specimens.
All four enzymes were detected in leukocytes present in the bone marrow and attending inflammatory response that
accompanied the fracture. In the tissues surrounding the fracture site, the proportion of leukocytes expressing COX-1, COX-
2, or LTA4H decreased while those expressing 5-LO remained high at 4 and 7 days after fracture. This may indicate an
inflammation resolution function for 5-LO during fracture healing. Only COX-1 was consistently detected in fracture callus
osteoblasts during the later stages of healing (day 14 after fracture). In contrast, callus chondrocytes expressed all four
enzymes, though 5-LO appeared to be preferentially expressed in newly differentiated chondrocytes. Most interestingly,
osteoclasts consistently and strongly expressed COX-2. In addition to bone surfaces and the growth plate, COX-2 expressing
osteoclasts were localized at the chondro-osseous junction of the fracture callus. These observations suggest that
arachidonic acid mediated signaling from callus chondrocytes or from callus osteoclasts at the chondro-osseous junction
regulate fracture healing.
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Introduction

Genetic ablation or pharmacological inhibition of cyclooxygen-

ase-2 (COX-2) or 5-lipoxygenase (5-LO) significantly affects bone

regeneration during fracture healing. Loss of COX-2 activity

impairs fracture healing, while loss of 5-LO activity accelerates

healing in rodent models [1–5]. COX-2 and 5-LO catalyze critical

steps in the conversion of arachidonic acid into prostaglandins and

leukotrienes, respectively [6,7]. Prostaglandins and leukotrienes

are eicosanoids, which are 20 carbon lipid signaling molecules that

regulate many physiological processes including inflammation and

pain.

Arachidonic acid metabolism is complex and involves many

enzymes, receptors, oxidative mechanisms, and even transcellular

synthetic pathways to produce prostaglandins, leukotrienes,

lipoxins, resolvins, and other lipid signaling molecules [8].

Prostaglandins and leukotrienes appear to be the most abundant

bioactive lipids produced from arachidonic acid. Typically,

arachidonic acid is released from cellular membrane stores by

the calcium-dependent, cytoplasmic phospholipase (cPLA2 or

PLA2G4A) and converted into prostaglandin H2 (PGH2) by

cyclooxygenase-1 (COX-1) or COX-2 or into leukotriene A4

(LTA4) by 5-LO. PGH2 and LTA4 are intermediates. Specific

synthase enzymes convert PGH2 into thromboxane A2 (TXA2),

PGD2, PGE2, PGF2a, or PGI2 which are then secreted to activate

receptors specific for each prostaglandin or thromboxane.

Similarly, LTA4 is converted into LTB4 by leukotriene A4

hydrolase (LTA4H) or into LTC4 by leukotriene C4 synthase.

LTC4 is further modified to produce the cysteinyl leukotrienes

(LTD4 and LTE4). Typically, these arachidonic acid metabolizing

enzymes are abundantly expressed in leukocytes, consistent with

the role of prostaglandins and leukotrienes in mediating inflam-

mation [9]. However, these enzymes are expressed in many cell

types to mediate other physiological processes [10].

The mechanisms through which COX-2 and 5-LO regulate

fracture healing are not understood. In mice lacking COX-2, bone

fracture healing is impaired and is characterized by formation of a

small, cartilaginous callus [4,11]. In contrast, fracture healing is
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accelerated in mice lacking 5-LO in which there is an early, large

cartilaginous callus that is rapidly replaced by bone through

endochondral ossification [1]. Pharmacological inhibition of

COX-2 or 5-LO produces similar effects in rats [2–4]. Loss of

COX-1 activity does not appear to affect the early stages of

healing [4]. Genetic ablation of COX-1, COX-2, or 5-LO alters

the levels of PGE2, PGF2a, and LTB4 produced at the fracture site,

indicating that these enzymes function at the fracture site [1].

However, which cells express COX-2 or 5-LO during fracture

healing has not been determined. Identifying which cells express

these enzymes could significantly improve our understanding of

the role of COX-2 and 5-LO in bone regeneration.

To address this, we performed an immunohistochemical

analysis of time-staged fracture callus specimens from normal

mice to identify which cells express COX-1, COX-2, 5-LO, and

LTA4H. As expected, all the enzymes localized to leukocytes. We

failed to observe consistent expression of these enzymes in

osteoblasts. In contrast, COX-1, COX-2, 5-LO, and LTA4H

expression was detected in chondrocytes. Interestingly, COX-2

was abundantly expressed in osteoclasts. These data indicate that

arachidonic acid metabolism may be regulating the later

regenerative stage of fracture healing when endochondral

ossification is occurring through an osteoclast, chondrocyte, or

osteoclast-chondrocyte mediated mechanism.

Materials and Methods

Animal Model
Female ICR mice that were 8–10 weeks old and weighed

28.962.6 g (mean 6 standard deviation) were used in this study

(Taconic Farms, Inc. Germantown, NY). Eight mice were used in

each group. Mice were anesthetized by intraperitoneal injection of

ketamine and xylazine (0.1 and 0.01 mg/g body weight,

respectively). A closed, diaphyseal fracture was created in the

right femur using a custom-made, three-point bending device

(BBC Specialty Automotive Center, Linden, NJ) as described

previously except the mice were allowed to recover for 7 days

between insertion of the intramedullary pin and production of the

fracture or euthanization [12]. Mice were euthanized at 0 (before

fracture but 7 days after intramedullary pin insertion), 6 hours and

1, 2, 4, 7, 10, and 14 days after fracture. Tissues were quickly

resected, fixed in Streck Tissue Fixative (Streck, Inc., Omaha, NE)

for one day, and then decalcified in 10% EDTA for a week. After

decalcification, tissues were embedded in paraffin. All experimen-

tal procedures were approved by the University of Medicine and

Dentistry of New Jersey-New Jersey Medical School Institutional

Animal Care and Use Committee (protocol 10075).

Histology
Five um thick serial sections were cut, then deparaffinized in

three changes of xylene and rehydrated in a graded alcohol series.

Osteoclasts were detected by tartrate-resistant acid phosphatase

(TRAP) staining as described previously [13]. TRAP stained

sections were counterstained with hematoxylin (Sigma-Aldrich).

Cartilage was identified by safranin-O staining, then counter-

stained with Fast Green (Sigma-Aldrich) and hematoxylin.

Sections were mounted using Permount mounting medium (Fisher

Scientific).

Immunohistochemistry
COX-1, COX-2, 5-LO, and LTA4H were detected in the

paraffin sections by immunohistochemistry using antibodies from

Cayman Chemicals (Ann Arbor, MI; rabbit polyclonal anti-COX-

1 catalog no. 160109 and rabbit polyclonal anti-COX-2 catalog

no. 160126), Cell Signaling Technologies (Danvers, MA; anti-5-

LO rabbit monoclonal antibody clone C49G1 catalog no. 3289),

and Epitomics, Inc. (Burlingame, CA, anti-LTA4H rabbit

monoclonal antibody clone EPR5713, catalog no. 3911-1). For

COX-2, antigen retrieval was performed at 70uC for 3 hours in

10 mM sodium citrate buffer, pH 9.5. For COX-1, 5-LO, and

LTA4H, antigen retrieval was done at 60uC overnight in 0.2 M

boric acid buffer, pH 7.0. After antigen retrieval, the paraffin

sections were immersed in SuperBlock buffer (ThermoScientific,

Waltham, MA) for 5 minutes to reduce non-specific binding of

antibody. Sections were then incubated with primary antibodies

overnight at 4uC using an Antibody Amplifier tray (Pro-Histo,

LLC, Columbia, SC). Primary antibodies were used at the

following dilutions: 1:700 for anti-COX-1 and for anti-COX-2,

1:15,000 for anti-LTA4H, and 1:100 for anti-5-LO and for the

rabbit IgG negative control (rabbit DA1E monoclonal IgG, Cell

Signaling Technologies). All antibodies were diluted in Amplifying

Antibody Dilution Buffer (Pro-Histo, LLC). After incubation with

the primary antibody, sections were treated with 3% H2O2 for 15

minutes to quench endogenous peroxidase activity. Primary

antibodies were detected using the Polink-2 Plus HRP with DAB

kit (IHC World, LLC, Woodstock, MD), counterstained with

methyl green (Sigma-Aldrich), and mounted on glass slides using

Permount. Antibody specificity was verified using bone marrow

cell extracts prepared from COX-1, COX-2, 5-LO, and LTA4H

knockout mice (Figure S1).

Image Collection and Analysis
Histological specimens were examined using a Nikon Eclipse

E800 microscope with a Nikon DS-Fi1 digital camera and Nikon

NIS-Elements BR 3.0 imaging software (Nikon Instruments Inc.,

Melville, NY).

When periosteal leukocytes, periosteal fibroblasts, intramedul-

lary fracture site cells, intramedullary canal cells, external callus

leukocytes, or muscle interstitial cells were the target cell

populations for counting, five different fields of view were captured

as digital images for each specimen using a 20X objective lens.

Within each digital image, a 75675 um (5,625 um2) area was

selected that contained the appropriate target cell type. The

number of target cells and the number of target cells that were

positive for enzyme expression as detected by secondary antibody

reactivity were manually counted. Counts from the five images

collected for each specimen were averaged. For every time point,

one specimen (section) from each of the eight mice was examined

by immunohistochemistry for each target enzyme. Thus, 4

specimens from each mouse callus were used to detect COX-1,

COX-2, 5-LO, and LTA4H, respectively. However, specimens

from only 2–8 mice were counted as described above depending

upon the presence of the target cell population and quality of the

histological specimen. In total, 352 time point, cell type, and target

enzyme combinations were examined. Of those combinations,

only 2 combinations (Day 4, COX-2, Callus Leukocytes and Day

7, COX-2, Callus Leukocytes) used 2 specimens for cell counting,

5 combinations used 3 specimens, 4 combinations used 4

specimens, 5 combinations used 5 specimens, and the remaining

combinations used 6 or more specimens (Tables S3–S13 in File

S1). The mean number of enzyme positive cells and total cells were

calculated from the counted specimens for each target enzyme and

cell type.

When chondrocytes, external callus osteoclasts, or internal

callus osteoclasts were the target cell populations for counting, cells

were counted as described above except cells were counted within

a 2006200 um (40,000 um2) area.

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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Figure 1. Immunolocalization of Enzyme Positive Cells before Fracture. Top image shows a mouse femur stained with safranin-O (orange)
and counter stained with fast green (green) and hematoxylin (black; CB: cortical bone; scale bar: 300 um). Bottom images show
immunohistochemical staining of different cell types with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown; scale bar: 50 um). Rabbit IgG was
used as a negative control (Neg.). Immunohistochemistry specimens were counter stained with methyl green. The higher magnification images are
labeled with the primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or Neg.) and with a letter indicating cell type and location as listed in the
bottom of the figure.
doi:10.1371/journal.pone.0088423.g001

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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Figure 2. Immunolocalization of Enzyme Positive Cells at 6 hours after Fracture. The top image shows a fractured mouse femur stained
with safranin-O (orange) and counter stained with fast green (green) and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um).
Bottom images show immunohistochemical staining of different cell types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H
(brown; scale bar: 50 um). Immunohistochemistry specimens were counter stained with methyl green. The higher magnification images are labeled
with the primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g002

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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When periosteal and endosteal bone lining cells were the target

cell population for counting, cells were counted using a set of

continuous images captured using the 10X objective lens that

covered the entire periosteum or endosteum. Enzyme positive

cells, TRAP positive cells, and total cells were identified and

counted. The length of the periosteum and endosteum was

measured using Image Pro Premier version 9.0 software (Media

Cybernetics, Inc., Rockville, MD). Percent positive cells and cells

per mm of bone lining were calculated. Data from 2–8 specimens

at each time point were averaged. The cell counting methodology

is summarized in Table S1 in File S1.

Image collection and cell counting was performed by a single

investigator at all times points for all target enzymes. Two

additional investigators counted cells for all target enzymes and

cell types in the day 7 post-fracture specimens to assess observer-

related cell counting variation. No significant differences in cell

counts between observers were found and intraclass correlation

coefficients were 0.95, 0.87, 0.99, and 0.96 for counting COX-1,

COX-2, 5-LO, and LTA4H positive cells, respectively (Figure S2

and Table S2 in File S1). Data were statistically analyzed using

SigmaPlot version 12.5 software (Systat Software, Inc. Chicago,

IL) or MedCalc version 12.7 software (MedCalc Software bvba,

Ostend, Belgium). The statistical analyses are summarized in

Tables S3–S23 in File S1.

Results

1. Intact Bone
Specimens were collected 7 days after intramedullary rod

placement and before any fracture production to assess cellular

expression of COX-1, COX-2, 5-LO, and LTA4H in the femur

(Figure 1). Cells positive for COX-1, 5-LO, and LTA4H were

abundant in the marrow and appeared to be neutrophils based

upon morphology (Figure 1I). Cells expressing COX-2 were

abundant in the marrow but had a morphology distinct from the

COX-1, 5-LO, and LTA4H expressing cells and appeared to be

macrophage-like cells (Figure 1I). COX-2 positive cells were

present in the periosteum (Figure 1B) and on the endosteal surface

(Figure 1C) and appeared flattened, elongated, and associated with

sites of bone resorption, suggesting that these COX-2 positive cells

are osteoclasts. Some of the endosteal cells also appeared to

express COX-1 (Figure 1C). Within the muscle, interstitial

leukocytes appeared to be positive for COX-1, 5-LO, and LTA4H

(Figure 1D). Endothelial cells did not appear to consistently

express 5-LO, though 5-LO positive cells were adjacent to

capillaries (Figure 1D). Osteocytes appeared to inconsistently

express COX-1 and COX-2 (Figure 1B and 1C).

Figure 3. Immunolocalization of Enzyme Positive Cells at 1 day after Fracture. The top image shows a fractured mouse femur stained with
safranin-O (orange) and counter stained with fast green (green) and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um). Bottom
images show immunohistochemical staining of different cell types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown;
scale bar: 50 um). Immunohistochemistry specimens were counter stained with methyl green. The higher magnification images are labeled with the
primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g003

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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2. Stages of Fracture Healing
In this mouse femur fracture model, healing occurs through 4

temporally and spatially overlapping phases which are the

immediate response (6 hours and 1 day after fracture), inflamma-

tion (days 1 through 7), regeneration (days 4–21), and remodeling

(day 14 onward) [12,14]. In this model, fractures bridge with new

Figure 4. Immunolocalization of Enzyme Positive Cells at 2 days after Fracture. The top image shows a fractured mouse femur stained with
safranin-O (orange) and counter stained with fast green (green) and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um). Bottom
images show immunohistochemical staining of different cell types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown;
scale bar: 50 um). Immunohistochemistry specimens were counter stained with methyl green. The higher magnification images are labeled with the
primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g004

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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bone at approximately 21 days after fracture. This study focused

on the immediate, inflammatory, and regenerative stages of

healing and so healing was not assessed after day 14.

Hematoma, leukocytic invasion, tissue swelling, and thickening

of the periosteum and endosteum at the fracture site were evident

at 6 hours and 1 day after fracture and are consistent with the

immediate response to fracture and inflammation initiation

(Figures 2 and 3). Mesenchymal cell migration to the intramed-

ullary (internal) and external callus as well as muscle fiber

degeneration and more extensive leukocytic infiltration of the soft

tissues were evident 2 days after fracture (Figure 4). By 4 days after

fracture, a distinct, external callus morphology was evident which

included newly formed periosteal bone at the periphery of the

fracture callus, mesenchymal cells at the center of the callus, and

chondrocytes between the newly formed bone and centrally

located mesenchymal cells (Figure 5). Apparent endochondral

ossification was evident at days 7, 10, and 14 after fracture and was

associated with increased callus size that appeared to peak at day

10, cartilage formation based upon safranin-O staining, and bone

formation from the peripheral edges of the callus towards the

centrally located fracture site (Figures 6–8). Also evident was

reduced swelling, intact muscle fibers, and reduced leukocytic

infiltration as healing progressed.

Figure 5. Immunolocalization of Enzyme Positive Cells at 4 days after Fracture. The top image shows a fractured mouse femur stained with
safranin-O (orange) and counter stained with fast green (green) and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um). Bottom
images show immunohistochemical staining of different cell types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown;
scale bar: 50 um). Immunohistochemistry specimens were counter stained with methyl green. The higher magnification images are labeled with the
primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g005

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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Figure 6. Immunolocalization of Enzyme Positive Cells at 7 days after Fracture. The top image shows the external callus and the image
immediately below shows the internal callus of a fractured mouse femur stained with safranin-O (orange) and counter stained with fast green (green)
and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um). Bottom images show immunohistochemical staining of different cell
types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown; scale bar: 50 um). Immunohistochemistry specimens were
counter stained with methyl green. The higher magnification images are labeled with the primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or
Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g006

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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Figure 7. Immunolocalization of Enzyme Positive Cells at 10 days after Fracture. The top image shows the external callus and the image
immediately below shows the internal callus of a fractured mouse femur stained with safranin-O (orange) and counter stained with fast green (green)
and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um). Bottom images show immunohistochemical staining of different cell
types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown; scale bar: 50 um). Immunohistochemistry specimens were
counter stained with methyl green. The higher magnification images are labeled with the primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or
Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g007

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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Figure 8. Immunolocalization of Enzyme Positive Cells at 14 days after Fracture. The top image shows the external callus and the image
immediately below shows the internal callus of a fractured mouse femur stained with safranin-O (orange) and counter stained with fast green (green)
and hematoxylin (black; CB: cortical bone; FX: fracture site; scale bar: 300 um). Bottom images show immunohistochemical staining of different cell
types with rabbit IgG (Neg.) or with antibodies to COX-1, COX-2, 5-LO, or LTA4H (brown; scale bar: 50 um). Immunohistochemistry specimens were
counter stained with methyl green. The higher magnification images are labeled with the primary antibody target (COX-1, COX-2, 5-LO, LTA4H, or
Neg.) and with a letter indicating cell type and location as listed in Figure 1.
doi:10.1371/journal.pone.0088423.g008

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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Figure 9. Quantitation of Enzyme Positive Cells during Fracture Healing. The total number of each cell type was counted from before till 14
days after fracture as described in the Materials and Methods and are shown as cells per mm or cells per mm2 (circles; right axis). The number of
periosteal (triangles, right axis) and endosteal (inverted triangles, right axis) osteoclasts were also counted (Panels A and B, respectively). The
percentage of cells positive for COX-1 (green), COX-2 (red), 5-LO (blue), or LTA4H (yellow) was calculated and mean values (+S.E.M) are shown (left
axis). Cell types are indicated for each panel. For Panel D: Intramedullary Fracture Site Cells and Panel F: Callus Periosteal Leukocytes, no data were
available before fracture. For Panel G: Chondrocytes and Panel H: Callus Leukocytes, no chondrocytes or external callus marrow containing leukocytes
were present prior to day 4 after fracture and so no values were entered for earlier time points. Note that the X-axis scales (Days after Fracture) are
not linear with respect to time.
doi:10.1371/journal.pone.0088423.g009

Callus COX-1, COX-2, 5-LO, and LTA4H Localization
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3. Cell-Type Specific Expression
The expression of COX-1, COX-2, 5-LO, and LTA4H in the

major cell types present during fracture healing are described

below.

3a: Leukocytes. Inflammation is mediated by leukocytes and

bone marrow is rich with leukocytes. In this study, we did not

attempt to distinguish different populations of leukocytes using

immunohistochemical methods. Cells were considered leukocytes

based upon their morphology and locations within the tissues.

Following fracture, leukocytes were evident in the marrow of the

intramedullary canal and external fracture callus, the periosteum,

and surrounding muscle at the fracture site. The number of

leukocytes in the surrounding muscle increased and decreased in a

pattern consistent with inflammation amplification and resolution

(Figure 9E). The leukocytes were positive for COX-1, COX-2, 5-

LO, or LTA4H at all sites and times after fracture. Further,

leukocytes present in the bone marrow at a significant distance

from the fracture site were positive for COX-1, COX-2, 5-LO, or

LTA4H suggesting that these enzymes are normally expressed in

these cells (Figures 1I, 4I and 7I).

After fracture, the periosteum typically thickens into multiple

cell layers near the fracture site as osteoprogenitor cells within the

periosteum proliferate [15,16]. The periosteum also appeared to

be invaded by leukocytes that were positive for COX-1, COX-2,

5-LO, or LTA4H expression (Figure 4E). As healing progressed,

the periosteum appeared as a layer of cells between the external

surface of the callus and the surrounding muscle. Leukocytes

positive for COX-1, COX-2, 5-LO, or LTA4H expression were

present within the callus periosteum 14 days after fracture, even

though inflammation had subsided and significant amounts of

cartilage and bone had already formed (Figures 7E, 8, and 9F).

3b: Osteoblasts. For these experiments, osteoblasts were

identified by morphology and localization next to bone. At one

day after fracture, some endosteal cells with the appearance of

osteoblasts were positive for COX-1 in one of six specimens

(Figure 3C). Additional COX-1 expression was not observed in

osteoblasts until day 14 after fracture. In all the 14 day fracture

callus specimens, COX-1 expression was observed in some of the

external callus osteoblasts (Figure 8K). COX-2 expression was

observed in endosteal, periosteal, and external fracture callus

osteoblasts at different time points (Figure 2B). However, the

staining was faint compared to other COX-2 positive cell types

and was not consistently observed between specimens. Expression

of 5-LO and LTA4H was not observed in osteoblasts.

3c: Chondrocytes. For these experiments, chondrocytes

were identified based upon morphology, position within the

fracture callus, and staining with safranin-O. Chondrocytes were

evident by day 4 after fracture (Figure 5). Chondrocytes positive

for COX-1, COX-2, 5-LO, or LTA4H were observed at 4, 7, 10,

and 14 days after fracture (Figure 6F). The percentage of COX-1,

COX-2, 5-LO, or LTA4H positive chondrocytes decreased as

healing progressed (Figure 9G). However, there was a sharp

decline in the proportion of 5-LO positive chondrocytes between

days 4 (79%) and 7 (40%; Figure 9G).

3d: Osteoclasts. Osteoclasts were identified based upon

morphology and localization on mineralized tissue surface. In

early time points after fracture (6 hours to 2 days), cells on the

bone surface with morphology similar to osteoclasts or osteal

macrophages were positive for COX-1, COX-2, or 5-LO, but not

for LTA4H (Figures 2B and 2C) [17]. At all subsequent time

points, osteoclasts were negative for COX-1, 5-LO, and LTA4H.

Osteoclasts positive for COX-2 expression were observed at all

time points and locations within the fracture callus and growth

Figure 10. Co-localization of TRAP and COX-2 Positive Cells. Serial sections from mouse femurs at 6 hours (top images) and 14 days (bottom
images) after fracture were used for immunohistochemical detection of COX-2 expressing cells (left images; brown staining) and for tartrate-resistant
acid phosphatase staining (right images; red staining; scale bar: 50 um).
doi:10.1371/journal.pone.0088423.g010
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plate (data not shown). COX-2 positive osteoclasts were readily

observed in the intramedullary canal at the fracture site by 4 days

after fracture and in the external callus by 7 days after fracture

(Figures 5G, 6G, 6H, and 8C).

To confirm that these COX-2 positive cells were indeed

osteoclasts, serial sections were examined for COX-2 expression

by immunohistochemistry and for tartrate-resistance acid phos-

phatase (TRAP) activity by histochemical staining. As shown in

Figure 10, COX-2 positive cells on the bone surface were also

TRAP positive. In the internal and external callus, the percentage

of osteoclasts that were COX-2 positive varied as healing

proceeded (Figure 11A). In the internal callus, the percentage of

TRAP positive cells that were also COX-2 positive increased from

about 55% on day 4 to almost 100% on day 14. In the external

callus, the number of COX-2 positive TRAP cells increased from

75% on day 7 to almost 100% on day 14.

3e: Endothelial cells. Angiogenesis is essential for fracture

healing and capillaries were evident in the fracture callus and

surrounding muscle. The endothelial cells of the capillaries were

positive for 5-LO expression from day 7 onward (Figure 7D).

Endothelial cells positive for COX-1 were also observed in one of

six samples on day 4 (not shown).

3f: Fibroblasts. Some spindle-shaped cells in the periosteum

were positive for 5-LO expression at all time points after fracture

(Figure 8L). Approximately 50% of these callus fibroblasts were

positive for 5-LO at 6 hours and 4 and 7 days after fracture with

lesser amounts at days 1,2, 10, and 14 (Figure 11B).

4. The Chondro-Osseous Junction
A striking feature of fracture callus morphology and COX-2

expression is shown in Figure 12. The interface between the

cartilage stained with safranin-O and the zone of calcified cartilage

and bone formation was highly enriched with cells that co-express

TRAP and COX-2 and appeared to be osteoclasts.

5. Quantitative Analysis of Enzyme Positive Cells
The percentage of enzyme positive cells within different regions

of the callus was determined. The total number of cells with the

same morphology was also counted in that tissue region to derive

the proportion of enzyme positive cells. The data are summarized

in Figures 9 and 11. These data were analyzed using ANOVA and

post-hoc Holm-Sidak tests to identify differences in the percent of

enzyme positive cells with time after fracture (Tables S3–S13 in

File S1). The percentage of periosteal cells that expressed COX-1,

COX-2, or 5-LO peaked by day 1 after fracture before rapidly

declining (Figure 9A). In contrast, endosteal cells preferentially

expressed COX-2 throughout healing (Figure 9B). The COX-2

positive bone lining cells appeared to be osteoclasts and the

number of apparent osteoclasts (TRAP positive cells identified in

serial sections) was highly correlated to the number of COX-2

positive cells on the periosteal (R = 0.997) and endosteal surfaces

(R = 0.916) using a Gaussian peak fit curve. The total number of

muscle interstitial cells peaked at day 2 after fracture and showed

an early preference for expressing COX-1 and COX-2 and a later

preference for expressing 5-LO (Figure 9E). Conversely, 5-LO

expression in chondrocytes occurred early while COX-1 and

COX-2 expression continued into later times (Figure 9G). Callus

periosteal leukocytes peaked at day 10 after fracture, which

coincides with peak callus volume (Figure 9F). Osteoclasts were

observed at the intramedullary fracture site by day 4 after fracture

and in the external callus by day 7 (Figure 11A). By day 10 after

fracture, over 95% of callus osteoclasts were positive for COX-2

and negative for the other target enzymes.

Discussion

We performed an immunohistochemical analysis of time-staged

mouse fracture callus specimens to identify cells that express

COX-1, COX-2, 5-LO, and LTA4H with the goal of identifying

potential mechanisms through which arachidonic acid metabolism

regulates fracture healing. We used morphological observations to

identify cell types rather than performing additional experiments

to confirm each cell type except for using TRAP or safranin-O

staining to aid in identifying osteoclasts and chondrocytes,

respectively. This is a limitation of the study particularly with

the leukocytes as we cannot precisely assign enzyme expression to

specific leukocyte types, such as neutrophils, T-cells, or macro-

phages. Additional experiments will be needed to refine assign-

ment of COX-1, COX-2, 5-LO, or LTA4H expression to cell type

subpopulations. It also should be noted that expression of COX-1,

COX-2, 5-LO, or LTA4H does not equate with enzyme activity.

Rather the presence of these enzymes indicates that a cell has the

potential capacity to produce prostaglandins or leukotrienes when

appropriately stimulated.

As expected, COX-1, COX-2, 5-LO, and LTA4H were

expressed in multiple cell types over the time course examined.

Figure 11. Quantitative Analysis of Fracture Site COX-2
Positive Osteoclasts and 5-LO Positive Fibroblasts. The number
of external callus osteoclast (triangles), internal callus osteoclast
(inverted triangles), and callus fibroblasts (circles) were counted (right
axis). The percentage of osteoclast that also were positive for COX-2 by
immunohistochemical detection were calculated for the external (right
bars)and internal callus (left bars) at each time point and are shown as
mean values (+ S.E.M.; Panel A; left axis). The percentage of fibroblasts
positive for 5-LO by immunohistochemistry were calculated at each
time point and are shown as mean values (+S.E.M.; Panel B; left axis).
Note that the X-axis scales (Days after Fracture) are not linear with
respect to time.
doi:10.1371/journal.pone.0088423.g011
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Enzyme positive leukocytes increased at the fracture site and

surrounding muscle during the early stages of healing and then

decreased. Osteoblasts in the periosteum and in the newly formed

bone of the callus did not appear to express COX-2, 5-LO, or

LTA4H to an extent that could be reliably detected using these

immunohistochemical methods. COX-1 expression was detected

in osteoblasts of newly formed callus bone. This was unexpected

since COX-1 and COX-2 expression had been detected in rat

tibia osteoblasts and induction of COX-2 expression in cultured

osteoblasts has been repeatedly observed [18–24]. In contrast,

callus chondrocytes expressed COX-1, COX-2, 5-LO, and

LTA4H. Osteoclasts and osteal macrophages appeared to

abundantly express COX-2 and transiently express COX-1 and

5-LO during the early stages of healing (6 hours, 1, and 2 days).

Previous studies found that COX-2 mRNA levels were elevated

immediately after fracture during the inflammation phase,

declined, and then peaked again [2,25]. The basis for the second

increase in COX-2 expression was never fully explained.

However, the data presented here indicate that the second peak

in COX-2 mRNA correlates with COX-2 expression in the callus

chondrocytes and an abundance of COX-2 positive osteoclasts

present in the callus during endochondral ossification.

The continued presence of enzyme positive leukocytes and 5-

LO positive fibroblasts at the interface of the callus and

surrounding muscle (callus periosteum), even at the later stages

of healing suggests that these 5-LO positive cells could be secreting

eicosanoids to regulate the healing process. In support of this

concept, chondrocytes can utilize leukotriene A4 synthesized from

polymorphonuclear leukocytes to produce leukotriene B4 and C4

through a transcellular process [26]. The 5-LO positive cells also

could be aiding in additional functions known to be mediated by 5-

LO, including angiogenesis and the resolution of inflammation

[28–31].

Osteoblasts are necessary for bone formation and consequently

for fracture healing. Numerous studies have demonstrated that

COX-2 expression can be induced in cultured osteoblasts

[18,19,22,23,32–37]. Many other studies have shown that COX-

2 activity in cultured osteoblasts or prostaglandin treatment of

osteoblasts can promote proliferation or differentiation [38–44]. In

vivo, treatment with prostaglandins or prostaglandin analogs can

promote bone formation and enhance fracture healing [45–49]. In

contrast, leukotrienes can inhibit osteoblast proliferation and

impair bone formation [50,51]. In vivo, COX-1 and COX-2

expression was previously detected in endosteal osteoblasts and

cortical bone osteocytes of the rat tibiae with little apparent

expression of either enzyme in periosteal osteoblasts [24]. In this

study, COX-2 was not consistently detected in bone-surface

osteoblasts (Figure 2B). A previous study concluded that fracture

healing is impaired in COX-2 null mice because loss of COX-2

function impairs osteoblast differentiation in vitro [11]. However,

lack of COX-2 expression in osteoblasts in vivo, as shown here,

and the ability of COX-2 null, as well COX-1, 5-LO, or LTA4H

null mice to develop normally sized and growing skeletons

indicates that expression of these enzymes in osteoblasts is not

essential for osteoblast function [52–54]. Indeed, a femur segment

from a wild-type mouse transplanted into a COX-2 null mouse

fails to heal while a femur segment from a COX-2 null mouse

transplanted into a wild-type mouse does heal indicating that

COX-2 null osteoblasts can participate in healing within a COX-2

sufficient environment [55]. We suggest that eicosanoids synthe-

sized by leukocytes, chondrocytes, and osteoclasts that are in close

proximity to osteoblasts and mesenchymal cells during fracture

healing may be regulating the proliferation and differentiation of

osteoblasts through cell dependent signaling. Such a mechanism

could be mediated by osteal macrophages (osteomacs) that

organize as a cellular network or canopy over bone surface

osteoblasts [17]. While it is possible that expression of COX-1,

COX-2, 5-LO, or LTA4H was not consistently detected in

osteoblasts for technical reasons, the positive expression of the

target enzymes in other cell types of the same specimen indicates

that this possibility is unlikely.

The significance of the COX-1, COX-2, 5-LO, and LTA4H

expression in the callus chondrocytes is not yet known. Expression

of these enzymes in growth plate and in normal or pathological

Figure 12. Osteoclasts at the Chondro-Osseous Junction during Fracture Healing. Serial sections from mouse femur fractures collected at
7 (A), 10 (B), and 14 days (C) after fracture were stained with safranin-O (top images), TRAP (middle images), or stained for COX-2 using
immunohistochemistry (bottom images; scale bar: 300 um). The images show that COX-2 expressing osteoclasts appear to preferentially localize at
the junction between callus cartilage and the zone of active new bone formation during fracture healing.
doi:10.1371/journal.pone.0088423.g012
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articular chondrocytes has been detected previously [26,56–59]. In

rat tibia growth plates, COX-1 was strongly expressed in the

reserve zone, while only moderate COX-2 expression was

detected in the reserve zone [57]. In cultured rat growth plate

chondrocytes, cell proliferation was inhibited by treatment with

SC-236, a COX-2 selective inhibitor, but not with SC-560, a

COX-1 selective inhibitor [57]. Proliferation of the cultured rat

growth plate chondrocytes could be stimulated with PGE2 or with

a selective EP1 agonists [57]. Consistent with a COX-2

proliferative effect on growth plate chondrocytes, treatment of

chicken growth plate chondrocytes with PGE2 inhibited Type X

collagen, VEGF, and MMP-13 expression indicating that PGE2

treatment was inhibiting chondrocyte differentiation [60]. Simi-

larly, treatment of osteoarthritic chondrocytes with butaprost, a

PGE2 analog that specifically activates the EP2 receptor, also

reduced MMP-13 expression [61]. Less is known of leukotriene

effects on chondrocyte functions. Treatment of articular chondro-

cytes with IL-1ß reduced synthesis of LTB4 while inducing

synthesis of PGE2 [62]. In contrast, treatment of human

osteoarthritic articular chondrocytes with naproxen, a non-

selective COX-1 and COX-2 inhibitor, caused a significant

increase in chondrocyte LTB4 synthesis [59]. Expression of COX-

2 can be induced in articular chondrocytes by treatment with IL-

1ß while expression of 5-LO and its essential co-factor five

lipoxygenase activating protein (FLAP) can be induced with TGF-

ß and 1, 25-dihydroxy vitamin D3 [56,59]. In fracture calluses,

inhibition of 5-LO appears to accelerate chondrocyte differenti-

ation during endochondral ossification and increases COX-2

expression, while inhibition of COX-2 appears to prevent

chondrocyte differentiation leading to impaired endochondral

ossification [2]. These prior observation show that chondrocyte

proliferation and differentiation are affected by prostaglandins. In

addition, chondrocytes can interact with other cell types to

produce leukotrienes through transcellular pathways [26]. How-

ever, additional experiments are needed to determine whether

callus chondrocytes behave similarly to growth plate or articular

chondrocytes with respect to eicosanoid treatment, whether callus

chondrocyte expression of these enzymes signifies a response to the

local growth factor milieu, or whether callus chondrocyte

expression of these enzymes underlies a regulatory role for

chondrocytes in the regenerative process.

Of the 4 enzymes, only COX-2 expression was detected

consistently in osteoclasts at the fracture site. Osteoclasts within the

growth plate of the fractured femurs or in control, unfractured

femurs were also positive for COX-2 (data not shown) and

immunohistochemical detection of COX-2 expression was severe-

ly reduced in mice in which COX-2 was deleted in osteoclasts

(Figure S3). A previous report also demonstrated expression of

COX-2 in osteoclasts by immunohistochemical detection in rat

tibiae [24]. Not all the TRAP and COX-2 positive cells appeared

to be multinucleated in our specimens and some of the COX-2

and TRAP positive cells may be macrophages, dendritic cells,

monocytes differentiating into osteoclasts, or macrophages or

dendritic cells transdifferentiating into osteoclasts [63–67]. The

proportion of TRAP positive cells in the fracture callus that were

also COX-2 positive increased to almost 100% over time

(Figure 11A). This suggests that either a population of TRAP

positive, COX-2 negative cells are present early in healing and

then disappear or that COX-2 expression increases as TRAP

positive cells mature into osteoclasts.

The importance of COX-2 in osteoclast biology is well

established [68–71]. Stimuli that induce COX-2 expression and

activity in osteoblasts or bone marrow cells in turn enable the

osteoblasts or bone marrow cells to promote osteoclast differen-

tiation [33]. Thus, COX-2 has been thought to regulate osteoclast

biology only through the activity of other cell types. However, the

clear demonstration that COX-2 is expressed in osteoclasts

themselves suggests that COX-2 may have a cell-autonomous

function in osteoclasts. One role may be directly related to

osteoclast development since prostaglandins produced by osteo-

clasts may aid in osteoclast formation and function through an

autocrine signaling mechanism. Spleen or bone marrow cells from

COX-2 null mice have a reduced capacity to form osteoclasts

which can be rescued by exogenous PGE2 treatment [68]. Further,

COX-2 expression can be induced by a variety of stimuli including

RANKL in osteoclast precursors such as monocytes or macro-

phage-like cell lines that can be induced to differentiate into

osteoclasts [70,72,73]. This suggests a direct role for COX-2 in

osteoclastogenesis in which stimuli, such as, RANKL induces

COX-2 expression in osteoclast precursors and the prostaglandins

produced by that COX-2 act in an autocrine feedback mechanism

to promote osteoclastogenesis.

Parallel observations between effects of impaired osteoclast

activity and impaired COX-2 activity indicate that osteoclast

COX-2 activity may be regulating fracture healing. The

localization of COX-2 positive osteoclasts at the interface of callus

cartilage and active endochondral ossification (chondro-osseous

junction) suggests that the osteoclasts may be the critical regulatory

cell controlling the regenerative phase of fracture healing

(Figure 12). Classically, these osteoclasts have also been referred

to as chondroclasts [74]. Osteoclast activity is necessary to resorb

the calcified cartilage produced by the hypertrophic chondrocytes

and to provide calcified tissue surfaces for new bone formation

[75–77]. Osteoclasts may also promote chondrocyte hypertrophy

and calcified cartilage formation necessary for endochondral

ossification to proceed. In mice treated with zoledronate to inhibit

osteoclast activity, expression of Type X collagen was delayed in

tibia fracture calluses [78]. Similarly, in rats treated with celecoxib

to inhibit COX-2 activity, fracture callus Type X collagen

expression was significantly reduced [2]. Finally, macrophage-like

cells present in the periosteum (osteomacs) which could potentially

differentiate into osteoclasts have been shown to enhance

osteoblast activity and bone formation [17]. Indeed, prostaglan-

dins produced by COX-2 can promote osteoblast activity [78].

Together, the observations support a model in which COX-2

exerts its regulatory functions on fracture healing through the

osteoclast.

Supporting Information

Figure S1 Antibody Specificity. The specificity of the antibodies

used to detect COX-1, COX-2, 5-LO, and LTA4H was verified

be using bone marrow derived cells and macrophages. Total

protein extracts prepared from the bone marrow of COX-1,

COX-2, 5-LO, and LTA4H knockout mice were analyzed for

COX-1, 5-LO, and LTA4H expression by immunoblot analysis

(Bone Marrow Cells). Expression of ß-tubulin was used as a

control. The antibodies for COX-1, 5-LO, and LTA4H failed to

detect any protein in their corresponding knockout bone marrow

cell extracts but did detect proteins of the correct size (markers not

shown) in the other bone marrow cell extracts. To detect COX-2

expression, bone marrow cells from wild-type and COX-2

knockout mice were cultured in DMEM with 10% FBS and

20% L929 conditioned media to promote macrophage develop-

ment (Macrophages). The cultures were then induced to express

COX-2 by treating with 100 ng/ml of LPS overnight followed by

protein extract preparation and immunoblot analysis for COX-2

expression. The COX-2 antibody detected a protein of the correct
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size in the LPS-treated wild-type cells but failed to detect any

protein in the COX-2 knockout cells. Antibodies were detected by

chemiluminescence using appropriate horseradish peroxidase

conjugated secondary antibodies and a Proteinsimple Fluorchem

M imaging system.

(TIF)

Figure S2 Inter-Observer Variation for Each Antibody. Con-

sistency between observers for the percentage of antibody positive

cells counted in each sample was determined using intraclass

correlation coefficient tests. The cumulative frequency distribution

for each observer (or rater) and each antibody (A: COX-1, B:

COX-2, C: 5-LO, and D: LTA4H) are shown with maximum

100% positive target cells.

(TIF)

Figure S3 Expression of COX-2 in Osteoclasts. Mice homozy-

gous for a floxed allele of COX-2 (COX-2 f/f; generously

provided by T. Ishikawa and H. Herschman, UCLA) and with or

without a Lyz2-Cre transgene (Lyz2tm1(cre)Ifo, Jackson Laboratory)

were used to obtain femur samples for immunohistochemical

detection of COX-2 and identification of osteoclasts by TRAP

staining in serial sections. The Lyz2-Cre transgene expresses Cre

recombinase in monocyte-derived cells and should therefore create

a null allele of COX-2 in osteoclasts. Bone surface, TRAP-positive

cells were detected in samples from mice of both genotypes.

However, COX-2 expression was diminished in the apparent

osteoclasts but not in the bone marrow leukocytes of the COX-2 f/

f; Lyz2-Cre mice.

(TIF)

File S1 Tables S1–S23 summarize cell counting methods,

immunohistochemistry cell counting results, inter-observer varia-

tion analysis of Day 7 specimens, and statistical analyses.

(DOCX)

Acknowledgments

We thank Ashley Mitchell, Sangeeta Subramanian, and Marcus Meyen-

hofer for their technical assistance.

Author Contributions

Conceived and designed the experiments: JPOC. Performed the

experiments: HNL. Analyzed the data: HNL JPOC. Wrote the paper:

HNL JPOC.

References

1. Manigrasso MB, O’Connor JP (2010) Accelerated fracture healing in mice

lacking the 5-lipoxygenase gene. Acta Orthop 81: 748–755.

2. Cottrell JA, O’Connor JP (2009) Pharmacological inhibition of 5-lipoxygenase

accelerates and enhances fracture-healing. J Bone Joint Surg Am 91: 2653–2665.

3. Simon AM, O’Connor JP (2007) Dose and time-dependent effects of

cyclooxygenase-2 inhibition on fracture-healing. J Bone Joint Surg Am 89:

500–511.

4. Simon AM, Manigrasso MB, O’Connor JP (2002) Cyclo-oxygenase 2 function is

essential for bone fracture healing. Journal of Bone and Mineral Research 17:

963–976.

5. Cottrell J, O’Connor JP (2010) Effect of Non-Steroidal Anti-Inflammatory Drugs

on Bone Healing. Pharmaceuticals 3: 1668–1693.

6. Smith WL, Urade Y, Jakobsson PJ (2011) Enzymes of the cyclooxygenase

pathways of prostanoid biosynthesis. Chem Rev 111: 5821–5865.

7. Haeggstrom JZ, Funk CD (2011) Lipoxygenase and leukotriene pathways:

biochemistry, biology, and roles in disease. Chem Rev 111: 5866–5898.

8. Brown HA, Marnett LJ (2011) Introduction to lipid biochemistry, metabolism,

and signaling. Chem Rev 111: 5817–5820.

9. Shimizu T (2009) Lipid Mediators in Health and Disease: Enzymes and

Receptors as Therapeutic Targets for the Regulation of Immunity and

Inflammation. Annu Rev Pharmacol Toxicol 49: 123–150.

10. Funk CD (2001) Prostaglandins and leukotrienes: advances in eicosanoid

biology. Science 294: 1871–1875.

11. Zhang X, Schwarz EM, Young DA, Puzas JE, Rosier RN, et al. (2002)

Cyclooxygenase-2 regulates mesenchymal cell differentiation into the osteoblast

lineage and is critically involved in bone repair. J Clin Invest 109: 1405–1415.

12. Manigrasso MB, O’Connor JP (2004) Characterization of a closed femur

fracture model in mice. Journal of Orthopaedic Trauma 18: 687–695.

13. Tay BK, Le AX, Gould SE, Helms JA (1998) Histochemical and molecular

analyses of distraction osteogenesis in a mouse model. J Orthop Res 16: 636–

642.

14. Manigrasso MB, O’Connor JP (2008) Comparison of fracture healing among

different inbred mouse strains. Calcif Tissue Int 82: 465–474.

15. Iwaki A, Jingushi S, Oda Y, Izumi T, Shida J-i, et al. (1997) Localization and

quantification of proliferating cells during rat fracture repair: detection of

proliferating cell nuclear antigen by immunohistochemsitry. Journal of Bone and

Mineral Research 12: 96–102.

16. Beam HA, Parsons JR, Lin SS (2002) The effects of blood glucose control upon

fracture healing in the BB Wistar rat with diabetes mellitus. J Orthop Res 20:

1210–1216.

17. Chang MK, Raggatt LJ, Alexander KA, Kuliwaba JS, Fazzalari NL, et al. (2008)

Osteal tissue macrophages are intercalated throughout human and mouse bone

lining tissues and regulate osteoblast function in vitro and in vivo. J Immunol

181: 1232–1244.

18. Onoe Y, Miyaura C, Kaminakayashiki T, Nagai Y, Noguchi K, et al. (1996) IL-

13 and IL-4 inhibit bone resorption by suppressing cyclooxygenase-2-dependent

prostaglandin synthesis in osteoblasts. J Immunol 156: 758–764.

19. Maciel FM, Sarrazin P, Morisset S, Lora M, Patry C, et al. (1997) Induction of

cyclooxygenase-2 by parathyroid hormone in human osteoblasts in culture.

J Rheumatol 24: 2429–2435.

20. Tai H, Miyaura C, Pilbeam CC, Tamura T, Ohsugi Y, et al. (1997)

Transcriptional induction of cyclooxygenase-2 in osteoblasts is involved in

interleukin-6-induced osteoclast formation. Endocrinology 138: 2372–2379.

21. Koide M, Murase Y, Yamato K, Noguchi T, Okahashi N, et al. (1999) Bone

morphogenetic protein-2 enhances osteoclast formation mediated by interleukin-

1alpha through upregulation of osteoclast differentiation factor and cyclooxy-

genase-2. Biochem Biophys Res Commun 259: 97–102.

22. Warden SJ, Favaloro JM, Bennell KL, McMeeken JM, Ng KW, et al. (2001)

Low-intensity pulsed ultrasound stimulates a bone-forming response in UMR-

106 cells. Biochem Biophys Res Commun 286: 443–450.

23. Chikazu D, Li X, Kawaguchi H, Sakuma Y, Voznesensky OS, et al. (2002) Bone

morphogenetic protein 2 induces cyclo-oxygenase 2 in osteoblasts via a Cbfa1

binding site: role in effects of bone morphogenetic protein 2 in vitro and in vivo.

Journal of Bone and Mineral Research 17: 1430–1440.

24. Forwood MR, Kelly WL, Worth NF (1998) Localisation of prostaglandin

endoperoxide H synthase (PGHS)-1 and PGHS-2 in bone following mechanical

loading in vivo. Anat Rec 252: 580–586.

25. Gerstenfeld LC, Thiede M, Seibert K, Mielke C, Phippard D, et al. (2003)

Differential inhibition of fracture healing by non-selective and cyclooxygenase-2

selective non-steroidal anti-inflammatory drugs. Journal of Orthopaedic

Research 21: 670–675.

26. Amat M, Diaz C, Vila L (1998) Leukotriene A4 hydrolase and leukotriene C4

synthase activities in human chondrocytes: transcellular biosynthesis of

Leukotrienes during granulocyte-chondrocyte interaction. Arthritis Rheum 41:

1645–1651.

27. Serhan CN, Petasis NA (2011) Resolvins and protectins in inflammation

resolution. Chem Rev 111: 5922–5943.

28. Hulth A, Johnell O, Lindberg L, Paulsson M, Heinegard D (1990)

Demonstration of blood-vessellike structures in cartilaginous callus by

antilaminin and antiheparin sulfate proteoglycan antibodies. Clin Orthop Relat

Res: 289–293.

29. Gubitosi-Klug RA, Talahalli R, Du Y, Nadler JL, Kern TS (2008) 5-

Lipoxygenase, but not 12/15-lipoxygenase, contributes to degeneration of

retinal capillaries in a mouse model of diabetic retinopathy. Diabetes 57: 1387–

1393.

30. Finkensieper A, Kieser S, Bekhite MM, Richter M, Mueller JP, et al. (2010) The

5-lipoxygenase pathway regulates vasculogenesis in differentiating mouse

embryonic stem cells. Cardiovasc Res 86: 37–44.

31. Talahalli R, Zarini S, Sheibani N, Murphy RC, Gubitosi-Klug RA (2010)

Increased synthesis of leukotrienes in the mouse model of diabetic retinopathy.

Invest Ophthalmol Vis Sci 51: 1699–1708.

32. Xu J, Cissel DS, Varghese S, Whipkey DL, Blaha JD, et al. (1997) Cytokine

regulation of adult human osteoblast-like cell prostaglandin biosynthesis. J Cell

Biochem 64: 618–631.

33. Li L, Pettit AR, Gregory LS, Forwood MR (2006) Regulation of bone biology by

prostaglandin endoperoxide H synthases (PGHS): a rose by any other name.

Cytokine Growth Factor Rev 17: 203–216.

34. Pavalko FM, Chen NX, Turner CH, Burr DB, Atkinson S, et al. (1998) Fluid

shear-induced mechanical signaling in MC3T3-E1 osteoblasts requires cyto-

skeleton-integrin interactions. Am J Physiol 275: C1591–1601.

Callus COX-1, COX-2, 5-LO, and LTA4H Localization

PLOS ONE | www.plosone.org 16 February 2014 | Volume 9 | Issue 2 | e88423



35. Wadleigh DJ, Herschman HR (1999) Transcriptional regulation of the

cyclooxygenase-2 gene by diverse ligands in murine osteoblasts. Biochemical
and Biophysical Research Communications 264: 865–870.

36. Klein-Nulend J, Burger EH, Semeins CM, Raisz LG, Pilbeam CC (1997)

Pulsating fluid flow stimulates prostaglandin release and inducible prostaglandin
G/H synthase mRNA expression in primary mouse bone cells. J Bone Miner

Res 12: 45–51.
37. Pilbeam C, Rao Y, Voznesensky O, Kawaguchi H, Alander C, et al. (1997)

Transforming growth factor-beta1 regulation of prostaglandin G/H synthase-2

expression in osteoblastic MC3T3-E1 cells. Endocrinology 138: 4672–4682.
38. Feyen JH, Di Bon A, van der Plas A, Lowik CW, Nijweide PJ (1985) Effects of

exogenous prostanoids on the proliferation of osteoblast- like cells in vitro.
Prostaglandins 30: 827–840.

39. Centrella M, Casinghino S, McCarthy TL (1994) Differential actions of
prostaglandins in separate cell populations from fetal rat bone. Endocrinology

135: 1611–1620.

40. Ho ML, Chang JK, Chuang LY, Hsu HK, Wang GJ (1999) Effects of
nonsteroidal anti-inflammatory drugs and prostaglandins on osteoblastic

functions. Biochem Pharmacol 58: 983–990.
41. Kajii T, Suzuki K, Yoshikawa M, Imai T, Matsumoto A, et al. (1999) Long-term

effects of prostaglandin E2 on the mineralization of a clonal osteoblastic cell line

(MC3T3-E1). Archives of Oral Biology 44: 233–241.
42. Kaneki H, Takasugi I, Fujieda M, Kiriu M, Mizuochi S, et al. (1999)

Prostaglandin E2 stimulates the formation of mineralized bone nodules by a
cAMP-independent mechanism in the culture of adult rat calvarial osteoblasts.

Journal of Cellular Biochemistry 73: 36–48.
43. Yoshida K, Oida H, Kobayashi T, Maruyama T, Tanaka M, et al. (2002)

Stimulation of bone formation and prevention of bone loss by prostaglandin E

EP4 receptor activation. Proc Natl Acad Sci U S A 99: 4580–4585.
44. Quarles LD, Haupt DM, Davidai G, Middleton JP (1993) Prostaglandin F2

alpha-induced mitogenesis in MC3T3-E1 osteoblasts: role of protein kinase-C-
mediated tyrosine phosphorylation. Endocrinology 132: 1505–1513.

45. Miller SC, Marks SC Jr (1993) Local stimulation of new bone formation by

prostaglandin E1: quantitative histomorphometry and comparison of delivery by
minipumps and controlled-release pellets. Bone 14: 143–151.

46. Ueda K, Saito A, Nakano H, Aoshima M, Yokota M, et al. (1980) Cortical
hyperostosis following long-term administration of prostaglandin E1 in infants

with cyanotic congenital heart disease. Journal of Pediatrics 97: 834–836.
47. Li M, Ke HZ, Qi H, Healy DR, Li Y, et al. (2003) A novel, non-prostanoid EP2

receptor-selective prostaglandin E2 agonist stimulates local bone formation and

enhances fracture healing. J Bone Miner Res 18: 2033–2042.
48. Paralkar VM, Borovecki F, Ke HZ, Cameron KO, Lefker B, et al. (2003) An

EP2 receptor-selective prostaglandin E2 agonist induces bone healing. Proc Natl
Acad Sci U S A 100: 6736–6740.

49. Li M, Healy DR, Li Y, Simmons HA, Crawford DT, et al. (2005) Osteopenia

and impaired fracture healing in aged EP4 receptor knockout mice. Bone 37:
46–54.

50. Ren W, Dziak R (1991) Effects of leukotrienes on osteoblastic cell proliferation.
Calcif Tissue Int 49: 197–201.

51. Traianedes K, Dallas MR, Garrett IR, Mundy GR, Bonewald LF (1998) 5-
Lipoxygenase metabolites inhibit bone formation in vitro. Endocrinology 139:

3178–3184.

52. Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, et al. (1995)
Prostaglandin synthase 1 gene disruption in mice reduces arachidonic acid-

induced inflammation and indomethacin-induced gastric ulceration. Cell 83:
483–492.

53. Morham SG, Langenbach R, Loftin CD, Tiano HF, Vouloumanos N, et al.

(1995) Prostaglandin synthase 2 gene disruption causes severe renal pathology in
the mouse. Cell 83: 473–482.

54. Chen XS, Sheller JR, Johnson EN, Funk CD (1994) Role of leukotrienes
revealed by targeted disruption of the 5-lipoxygenase gene. Nature 372: 179–

182.

55. Xie C, Ming X, Wang Q, Schwarz EM, Guldberg RE, et al. (2008) COX-2
from the injury milieu is critical for the initiation of periosteal progenitor cell

mediated bone healing. Bone 43: 1075–1083.
56. Geng Y, Blanco FJ, Cornelisson M, Lotz M (1995) Regulation of cyclooxygen-

ase-2 expression in normal human articular chondrocytes. J Immunol 155: 796–
801.

57. Brochhausen C, Neuland P, Kirkpatrick CJ, Nusing RM, Klaus G (2006)

Cyclooxygenases and prostaglandin E2 receptors in growth plate chondrocytes

in vitro and in situ - prostaglandin E2 dependent proliferation of growth plate
chondrocytes. Arthritis Res Ther 8: R78.

58. Welting TJ, Caron MM, Emans PJ, Janssen MP, Sanen K, et al. (2011)

Inhibition of cyclooxygenase-2 impacts chondrocyte hypertrophic differentiation
during endochondral ossification. Eur Cell Mater 22: 420–436; discussion 436–

427.

59. Martel-Pelletier J, Mineau F, Fahmi H, Laufer S, Reboul P, et al. (2004)

Regulation of the expression of 5-lipoxygenase-activating protein/5-lipoxygen-
ase and the synthesis of leukotriene B(4) in osteoarthritic chondrocytes: role of

transforming growth factor beta and eicosanoids. Arthritis Rheum 50: 3925–
3933.

60. Li TF, Zuscik MJ, Ionescu AM, Zhang X, Rosier RN, et al. (2004) PGE2
inhibits chondrocyte differentiation through PKA and PKC signaling. Exp Cell

Res 300: 159–169.

61. Sato T, Konomi K, Fujii R, Aono H, Aratani S, et al. (2011) Prostaglandin EP2
receptor signalling inhibits the expression of matrix metalloproteinase 13 in

human osteoarthritic chondrocytes. Ann Rheum Dis 70: 221–226.

62. Tawara T, Shingu M, Nobunaga M, Naono T (1991) Effects of recombinant

human IL-1 beta on production of prostaglandin E2, leukotriene B4, NAG, and
superoxide by human synovial cells and chondrocytes. Inflammation 15: 145–

157.

63. Janckila AJ, Parthasarathy RN, Parthasarathy LK, Seelan RS, Hsueh YC, et al.

(2005) Properties and expression of human tartrate-resistant acid phosphatase
isoform 5a by monocyte-derived cells. J Leukoc Biol 77: 209–218.

64. Janckila AJ, Slone SP, Lear SC, Martin A, Yam LT (2007) Tartrate-resistant

acid phosphatase as an immunohistochemical marker for inflammatory
macrophages. Am J Clin Pathol 127: 556–566.

65. Nishida T, Emura K, Kubota S, Lyons KM, Takigawa M (2011) CCN family 2/
connective tissue growth factor (CCN2/CTGF) promotes osteoclastogenesis via

induction of and interaction with dendritic cell-specific transmembrane protein
(DC-STAMP). J Bone Miner Res 26: 351–363.

66. Speziani C, Rivollier A, Gallois A, Coury F, Mazzorana M, et al. (2007) Murine

dendritic cell transdifferentiation into osteoclasts is differentially regulated by

innate and adaptive cytokines. Eur J Immunol 37: 747–757.

67. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, et al. (1990) Origin of
osteoclasts: mature monocytes and macrophages are capable of differentiating

into osteoclasts under a suitable microenvironment prepared by bone marrow-
derived stromal cells. Proc Natl Acad Sci U S A 87: 7260–7264.

68. Okada Y, Lorenzo JA, Freeman AM, Tomita M, Morham SG, et al. (2000)
Prostaglandin G/H synthase-2 is required for maximal formation of osteoclast-

like cells in culture. Journal of Clinical Investigation 105: 823–832.

69. Igarashi K, Woo J-T, Stern PH (2002) Effects of a selective cyclooxygenase-2
inhibitor, celecoxib, on bone resorption and osteoclastogenesis in vitro.

Biochemical Pharmacology 63: 523–532.

70. Han SY, Lee NK, Kim KH, Jang IW, Yim M, et al. (2005) Transcriptional

induction of cyclooxygenase-2 in osteoclast precursors is involved in RANKL-
induced osteoclastogenesis. Blood 106: 1240–1245.

71. Dominguez JH, Mundy GR (1980) Monocytes mediate osteoclastic bone

resorption by prostaglandin production. Calcif Tissue Int 31: 29–34.

72. Lee SH, Soyoola E, Chanmugam P, Hart S, Sun W, et al. (1992) Selective

expression of mitogen-inducible cyclooxygenase in macrophages stimulated with
lipopolysaccharide. J Biol Chem 267: 25934–25938.

73. Cuetara BL, Crotti TN, O’Donoghue AJ, McHugh KP (2006) Cloning and

characterization of osteoclast precursors from the RAW264.7 cell line. In Vitro

Cell Dev Biol Anim 42: 182–188.

74. Savostin-Asling I, Asling CW (1975) Transmission and scanning electron
microscope studies of calcified cartilage resorption. Anat Rec 183: 373–391.

75. Uusitalo H, Hiltunen A, Soderstrom M, Aro HT, Vuorio E (2000) Expression of

cathepsins B, H, K, L, and S and matrix metalloproteinases 9 and 13 during

chondrocyte hypertrophy and endochondral ossification in mouse fracture
callus. Calcif Tissue Int 67: 382–390.

76. Mackie EJ, Ahmed YA, Tatarczuch L, Chen KS, Mirams M (2008)

Endochondral ossification: how cartilage is converted into bone in the
developing skeleton. Int J Biochem Cell Biol 40: 46–62.

77. Kosaki N, Takaishi H, Kamekura S, Kimura T, Okada Y, et al. (2007) Impaired
bone fracture healing in matrix metalloproteinase-13 deficient mice. Biochem

Biophys Res Commun 354: 846–851.

78. Chyun YS, Raisz LG (1984) Stimulation of bone formation by prostaglandin E2.
Prostaglandins 27: 97–103.

Callus COX-1, COX-2, 5-LO, and LTA4H Localization

PLOS ONE | www.plosone.org 17 February 2014 | Volume 9 | Issue 2 | e88423


