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Preface 

This thesis work uses a manuscript-based format, following the guidelines of Graduate and 

Postdoctoral Studies of McGill University. Introduction, literature review, and methods chapters 

are followed by three manuscripts that present the methodological development and findings of 

the project. All the chapters were written by me (Haider Al-Waeli) under the supervision of Dr. 

Belinda Nicolau and Dr. Faleh Tamimi.  
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ABSTRACT 

Introduction: Effective postoperative pain control is an essential and humanitarian need for any 

surgical procedure, including bone fracture. Inadequate pain control may cause significant 

morbidity, impaired recovery and increased hospital costs. Postoperative pain is often managed 

with opioids; however, with the ongoing opioid epidemic, better therapeutic strategies are 

urgently needed. Non-steroidal anti-inflammatory drugs (NSAID) could be very useful for 

postoperative pain management. However, NSAID can impair bone healing outcome by 

influencing key inflammatory pathways.  

One promising avenue for optimized pain management is rooted in the body’s biological 

circadian rhythm. This thesis aims to contribute to gaps in the knowledge of understanding the 

effect of NSAIDs administration on bone healing and the effect of timing drug administration on 

this process.   

Methods: To address these objectives,  I used a combination of research methodologies. First, I 

conducted a systematic review and meta-analysis to estimate the effect of NSAIDs administration 

on fractured bone healing. Second, I comprised a series of experimental trials to test the 

hypothesis that the timing of NSAID administration affects postoperative fracture pain 

behavioural indices and bone healing measurements in a murine animal model. Also, these 

experiments aim to identify the inflammatory cytokines and metabolic pathways affected by the 

timing of NSAIDs administration. Finally, I developed a randomized clinical trial protocol to test 

the above hypothesis in human subjects.  

Results: The findings from the meta-analysis of the published animal studies confirmed the 

negative effect of NSAIDs after bone fracture but suggested that the negative effects of NSAIDs 
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after bone fracture is different in mice compared to another animal model, in females compared 

to males and in younger compared with old animals. Our results from the quality risk assessment 

of the included studies demonstrated poorly reporting of randomization, blinding, allocation 

concealment and sample size calculation.  In our experimental trials, we showed that NSAIDs’ use 

is most effective in managing the pain and healing of bone fracture when they are administered 

during the active phase of the circadian rhythm in mice after bone fracture surgery. Limiting 

NSAIDs treatment to the active phase of the circadian rhythm were mediated by changes in the 

expression of >500 genes at the surgical site, including the clock gene Per2, and increases the 

serum level of anti-inflammatory cytokines interleukin-13 (IL-13), interleukin-4 (IL-4) and vascular 

endothelial growth factor (VEGF). Finally, we have prepared a protocol for a randomized 

controlled trial (RCT), which has been approved by the Ethical Review Board at the Jordan 

University of Science and Technology (Irbid, Jordan). The study is currently being conducted since 

May 2018. 

Conclusion: Our systematic review and meta-analysis indicated the need to conduct more 

controlled and high-quality pre-clinical animal studies regarding the effect of NSAIDs on bone 

healing. Our preclinical trials using a murine tibia fracture surgical model demonstrated that 

NSAIDs are most effective in managing postoperative pain, healing and recovery when 

administrated during the active phase of the circadian rhythm. Our results, if confirmed in RCT in 

humans, may change clinical practice of all bone-related surgical interventions. 

  



11 
 

ABRÉGÉ 

Introduction : Un contrôle efficace de la douleur postopératoire constitue un aspect essentiel de 

toute intervention chirurgicale, et ce pour tous types de fractures y compris les fractures 

osseuses. Un contrôle insuffisant de la douleur postopératoire peut entraîner des taux de 

morbidité importante, une récupération difficile ainsi qu’une augmentation des coûts de la santé. 

. La douleur postopératoire est souvent contrôlée par l’utilisation d’opioïdes. Cependant, 

l’émergence d’une épidémie de surdoses d’opioïdes nécessite de nouvelles interventions 

thérapeutiques. Les traitements aux anti-inflammatoires non stéroïdiens (AINS) représentent 

une alternative intéressante   pour la gestion de la douleur postopératoire. Toutefois, ces agents 

peuvent nuire aux processus de guérison osseuse en interférant sur les mécanismes principaux 

de l’inflammation. 

L’étude des mécanismes circadiens pourrait fournir une piste prometteuse dans la 

recherche d’une gestion optimale de la douleur postopératoire.  Les objectif principaux de cette 

thèse sont 1) d’identifier les lacunes dans les connaissances relatives à la compréhension de 

l’effet de l’administration d’AINS sur la guérison des os et 2) décrire les effets de différents temps 

d’administration du médicament sur le processus de guérison osseuse. 

Méthodes : Pour atteindre  ces objectifs, je propose d’utiliser une combinaison de méthodologies 

de recherche. En premier lieu, une revue systématique et une méta-analyse méthodologique a 

été complétée pour estimer l'effet de l'administration d'AINS sur la guérison des os fracturés. En 

second lieu, j’ai effectué une série d’expériences visant à vérifier l’hypothèse selon laquelle le 

temps d’administration d’AINS possède une influence sur les indices comportementaux de la 

douleur liée à une fracture postopératoire et sur les mesures de guérison des os chez un modèle 
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animal murin. De plus, ces expériences visent à identifier les cytokines pro-inflammatoires et les 

voies métaboliques affectées par le temps d’administration des AINS. Enfin, j'ai développé un 

protocole d'essais cliniques pour tester l'hypothèse ci-dessus chez des sujets humains. 

Résultats : Les résultats de la méta-analyse des études animales publiées ont confirmé l’effet 

négatif des AINS sur la guérison d’une fracture osseuse. Cependant, ces mêmes études suggèrent 

que les effets négatifs des AINS sur la guérison osseuse sont différents 1) chez la souris par 

rapport à un autre modèle animal, 2) chez les femelles par rapport aux males et 3) chez les plus 

jeunes comparé aux vieux. L'évaluation de la qualité des études incluses m’a permis d’identifier 

ces lacunes méthodologiques: plusieurs d’entre-elles possèdent des défauts au niveau de la   

randomisation, de  d’échantillonnage à l’aveugle, et  de taille d'échantillon. Lors de nos essais 

précliniques sur des souris, nous avons démontré l’efficacité des AINS sur le traitement de la 

douleur et la guérison des fractures osseuses lorsque ceux-ci sont administré durant la phase 

active du rythme circadien.  De plus, l’effet positif des AINS en phase active était accompagné de 

modifications de l’expression de >500 gènes au site chirurgical, dont le gène horloge Per2, et 

d’une augmentation du taux sérique de cytokines anti-inflammatoires tels l’interleukine-13 (IL-

13), l'interleukine-4 (IL-4) et le facteur de croissance de l'endothélium vasculaire (VEGF). Enfin, 

nous avons préparé un protocole pour un essai contrôlé randomisé (ECR), qui a été approuvé par 

le comité d'éthique de l'Université des sciences et technologies de Jordan (Irbid, Jordan). L'étude 

a commencé en mai 2018 et la collecte de données est terminée. L'analyse des données est en 

cours. 

Conclusion : Notre projet a mis en évidence la nécessité d’augmenter la qualité méthodologique 

des études précliniques qui évaluent   les effets des AINS sur la guérison des fracture osseuses.  
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Nos essais précliniques ont démontré que dans un modèle chirurgical de fracture du tibia murin, 

les AINS sont les plus efficaces pour gérer la douleur, la guérison et le rétablissement 

postopératoires lorsque l'administration du médicament est limitée à la phase active du rythme 

circadien.  Dans l’éventualité où ces résultats se confirment par nos essais contrôlés randomisés, 

ces résultats pourraient changer les traitements postopératoires de toutes les interventions 

chirurgicales liées aux os. 
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1 Introduction 

Bone fractures are extremely painful and can cause significant morbidity and even mortality in 

some cases. They account for 17.5% of emergency room injuries in Canada (1). There are over 

100,000 non-union fractures every year in the USA alone, with expected Medicare costs of more 

than US$25 billion in 2025 (2, 3). Considering the social and financial overburden of bone loss 

and repair after injuries or surgeries, there is an urgent need to better understand the biological, 

cellular and molecular mechanisms of bone healing. 

A significant issue in dealing with bone fracture surgeries (e.g., orthopedic or craniofacial 

surgeries) is the management of postoperative pain, particularly in patients who require 

immediate mechanical loading of the operated bone or joint (4). Currently, postoperative pain 

management in bone-related surgeries is limited to three classes of drugs: acetaminophen, 

opioids and nonsteroidal anti-inflammatory drugs (NSAID) (5, 6). However, these drugs have 

several significant limitations. Acetaminophen is ineffective on severe pain (5-8) and opioids may 

cause constipation and addiction (7, 8). Although largely used for postoperative pain control, 

NSAIDs (e.g., ibuprofen) may delay bone healing or increase bone non-union outcomes (9, 10).  

NSAIDs inhibit prostaglandin signalling, which can impair osteoclastic and osteoblastic activities 

and subsequently, bone healing (11). Substantial efforts have been made to develop NSAIDs that 

would selectively inhibit catabolic activities while sparing anabolic pathways. However, progress 

towards bone-related applications has been modest (12).  
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Bone metabolism and inflammation follow circadian rhythms regulated by clock genes (13). 

Accordingly, anti-inflammatory mediators and associated immune cells, and bone formation 

activity peak during sleep (resting phase), whereas pro-inflammatory mediators, osteoclast cells 

activity and bone resorption peek when animals are awake (active phase) (13, 14).  

Therefore, timing NSAIDs administration with the peak of osteoclastic activity and the pro-

inflammatory response after bone injury at the beginning of the active phase could maximize the 

benefit of the drugs while avoiding their negative effects on osteoblasts. While these are 

plausible mechanisms, there are no studies evaluating the effect of timing of NSAID 

administration on bone healing. My Ph.D work addresses this gap in the literature. 

The overall aim of this thesis is to understand better the effect of the timing of NSAID 

administration on bone healing. We hypothesize that circadian variations in inflammation caused 

by clock genes influence both bone fracture healing and the effectiveness of NSAIDs therapy. 

Accordingly, limiting NSAID administration to the beginning of the active phase could improve 

recovery from a bone fracture. The three specific objectives are: (i) to critically analyze the 

available literature on animal studies on the effect of NSAIDs administration on bone healing; (ii) 

to estimate the extent to which the timing of NSAIDs administration and timing of surgery are 

associated with postoperative pain and bone healing in mice; (iii) to develop a protocol for a RCT 

to test the above hypothesis in a simple bone removal surgery in humans. 

I address these objectives with three manuscripts: first, I conducted a systematic review and 

meta-analysis of animal studies on the effect of NSAIDs on bone healing after a bone fracture 

(Manuscript I). Second, I combined three experimental trials to estimate the effect of timing of 
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NSAIDs administration on pain and fracture bone healing; these experiments included pain 

behavioural tests of the mice with fracture surgery, bone healing assessments (micro computed 

tomography (µ CT), biomechanical bending, histomorphometric analysis), as well as the cytokines 

analysis and RNA microarray analysis (Manuscript II). Finally, I have developed a protocol, RCT, 

which is currently being conducted at the Jordan University of Science and Technology (Irbid, 

Jordan) (Manuscript III). 

  



24 
 

2 Literature review 

2.1 Introduction 

This literature review will provide an overview of the impact of bone fracture on individual’s well-

being and the financial burden for the society. Then, I describe the cellular and molecular events 

occurring during the bone healing process, particularly in the inflammatory phase. Subsequently, 

I will discuss the role of cyclooxygenases and NSAIDs on bone healing and describe the circadian 

rhythm process and its role in the inflammatory and immune responses. Finally, I will give an 

overview of the use of chronotherapy in the treatment of chronic diseases and its potential 

benefit in healing. 

2.2 Epidemiology of bone fracture  

The incidence of bone fracture is estimate to sturdily increase over the years (15), which will lead 

to noticeable financial burden and health wellness of the individual and the society. For example, 

it is estimated that bone fracture in the USA will increase from 2.1 million in 2005 to over 3 million 

fractures in 2025, solely based on the dramatic increase in the elderly population (16).  The 

effects of bone fracture are devastating; in a given year in the USA, they can lead to 500,000 

hospitalizations, over 800,000 emergency room encounters, 2.6 million physician office visits, 

180,000 initializations (17), and over 100,000 non-union problems (3).  

Failed and impaired bone healing occur in 5% to 10% of all patients who have suffered from a 

fracture (18). The treatment and productivity costs of uncomplicated fractures are of CAN$ 

12,000 – 15,000 per case and, with the additional cost per case of delayed or non-union around 

CAN$ 12,000 (16). Moreover, there are several  long term consequences of fractures including 

physical (e.g., physical impairment related to pain and functional), psychological(e.g.,  fatigue, 
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depression, anxiety and sleep disturbances), and social consequences (e.g., difficulty in returning 

to work and dependence on disability benefits) (19) (20).  

Understanding the different biological and physiological phases of bone fracture healing will help 

to develop better treatment strategies to decrease the number of impaired bone healing and 

non-union. 

2.3 Bone healing 

Bone,  the most abundant mineralized tissue in the body, is a type of connective tissue. It provides 

support to the body, protects soft organs, and helps in locomotion (21). It also serves as a 

reservoir for essential minerals (e.g., calcium, phosphorus) and functions as an endocrine organ 

(22). Bone has a very high rate of tissue remodeling (23). Bone can be divided according to the (i) 

shape into short, long, flat and irregular bones, (II) morphology into cortical and cancellous bone, 

and (iii) development to intramembranous and endochondral bone formation. Long bones such 

as tibia consist of metaphasis proximal ends and the bone body shaft called diaphysis. 

Bone tissue consists of cells within extracellular matrix along with organic and inorganic 

components. The organic components of the matrix include collagen (primarily collagen I), and 

non collagen protein along with mucopolysaccharide. The inorganic components consist mainly 

of calcium and phosphorous in the form of calcium phosphate and carbonate (24).  

Osteolinage bone cells are from different stem cells linage; while osteoblasts and chondroblast 

are from mesenchymal stem cells, osteoclasts are from haematopoietic cell linage (monocyte 

and macrophage linage) (25). Osteoblast cells, cuboidal in shape, are located near bone surface. 

They are responsible for bone formation by secreting matrix proteins such as collage type I 

protein and non collagen proteins such as osteopontine, sialoprotein and alkaline phosphate 
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(21). Osteocyte cells are terminally differentiated osteoblasts, which are able to sense 

mechanical loading on bone (23). These cells are important regulator of fracture repair and a key 

regulator of inorganic phosphate homeostasis. Osteoclasts cells are originated from 

haematopoietic origin stem cells which are differentiated to osteoclasts by two ligands or 

cytokines RANKL and macrophage colony-stimulating factor which released from osteoblasts 

cells which are responsible for the initiation of the osteoclastogenesis process for the osteoid 

tissue by the osteoclasts (26). 

Bone healing can be categorized into direct and indirect patterns of repair based mainly on the 

amount of tissue loss along with the stability and proximity of the two fractured edges (27). Bone 

healing does not occur naturally by direct healing because it requires a correct anatomical 

reduction of fractured edges with a rigid compression and no gap formation. In this healing 

process, the cortex directly involves bridging the gap and produce the Haversian system through 

cutting cones which are osteoclasts tunnels into the bone matrix. Vascular endothelial and 

perivascular mesenchymal cells differentiate into osteoblasts which deposit extracellular matrix 

during the healing process, and there will be little or no periosteal response, therefore no 

cartilage formation (25).  

Fractures in the diaphysis, where fracture gaps are larger than in metaphysis sites, usually heal 

via endochondral ossification which is healing by callus formation (24). This bone development 

process, which leads to the formation of soft callus for the stabilization of the fractured fragments 

when the fractured edges are separated, involves the intermediary tissue, the fracture 

periosteum, and the soft tissue. Undifferentiated mesenchymal cells undergo recruitment, 

proliferation, and differentiation into cartilage that is eventually calcified and replaced by bone. 
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These are the crucial steps in this type of bone healing, which involves hematoma, inflammation, 

angiogenesis, cartilage formation, cartilage calcification, cartilage removal, bone formation and 

bone remodelling (28). 

2.3.1 Cellular and molecular signalling during bone healing 

Researchers have investigated the temporospatial expression of cellular events and associated 

molecular ones in the healing of animals’ bone fracture models. This evidence provides us with a 

comprehensive understanding of cellular events and some clues regarding the molecular 

signalling pathways involved in the process (24, 29-34). 

During the initial stage of bone healing, which occurs within the first 24 hours after fracture and 

involves hematoma formation and inflammation, macrophage and other inflammatory cells as 

well as mesenchymal cells secrete pro-inflammatory cytokines and chemokines including 

interleukin-1 (IL-1), interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-α), monocyte 

chemoattractant protein 1-MCP 1(CCL 2), monocyte chemoattractant protein 1α-MCP 1α (CCL3), 

platelets, bone morphogenic proteins (BMPs) (30). IL-1, IL-6, and TNF-α have a chemotactic effect 

on circulating inflammatory cells such as macrophages and play a role in the recruitment of 

mesenchymal cells (34). Using a closed, stabilized tibia mouse fracture model, Cho et al. showed 

that IL-1 and IL-6 reached peak expression one day after fracture and then decline to near 

undetectable level at day three, which concurs with the findings of other researchers (24, 34, 35). 

During the first three days, the platelet-derived growth factor (PDGF) and transforming growth 

factor-β (TGF-β) also play a role in bone repair (35). These growth factors induce migration, 

activation, proliferation, and angiogenesis of mesenchymal cells, alongside the chemotaxis of 

acute inflammatory cells (25). Mesenchymal stem cells proliferation and differentiation into a 
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chondrogenic or an osteogenic lineage will start from day three after fracture (33). From days 7 

to 21, the chondroblasts proliferate into chondrocytes to form the soft callus that will help in the 

initial stabilization (34). The cartilage matrix of this soft callus includes type II collagen and 

proteoglycans. The hypertrophy and mineralization of this cartilage will subsequently occur in an 

organized manner (24).  

Fibroblast growth factors (FGF), the vascular endothelial growth factor (VEGF) and angiopoietin 

1 and 2 are essential to initiate the angiogenesis process at the early stage of healing. This process 

is characterized by vasculature invasion into the newly formed soft callus. The new blood vessels 

carry hemopoietic osteoclasts that start the resorption process. New woven bone formation, 

recruitment of mesenchymal stem cells and differentiating of osteoblasts at the fracture edges 

will follow at the end of this process (36). Angiopoietin 1 seems to be induced during the initial 

periods of fracture healing, whereas VEGF is induced later mainly during endochondral and bone 

formation (37). Osteoprogenitor cells contributing to the intramembranous bone formation 

come from sites away from the fracture. These cells originate from the cortical and periosteal 

tissue, and travel from the bone marrow site with high cellular density (30). The soft callus is 

gradually converted into hard callus by differentiated osteoblasts and committed 

osteoprogenitors from the cortex and periosteal cambium starting from day three. The growing 

woven or hard callus reaches its peak between day 7 and 10 and cease by day 14; however, the 

osteoblastic activity continues (24). The stimulation of undifferentiated mesenchymal stem cells 

and osteoprogenitors cells to differentiate into osteoblasts (osteoinduction) is a morphogenetic 

cascade involving discrete cellular transitions (35). The interaction between paracrine and 
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autocrine signals regulates this stimulation. Also, systemic hormones (e.g., parathyroid/thyroid, 

sex steroids), in addition to local factors and cytokines, may modulate these events (25). 

2.3.2 Inflammation during bone healing 

Inflammation appears to be crucial for both the initiation and outcomes of the bone healing 

process; in vivo experimental studies provide evidence regarding its role in the secretion of IL-1, 

IL-6, TNF-α, the macrophage colony-stimulating factor (M-CSF), and inducible nitric oxide 

synthase (iNOS) (Table 2-1). However, timing and termination of this inflammation are critical to 

the healing outcome; Serhan and Schmidt showed that the prolonged expression of pro-

inflammatory mediators (e.g., IL-1, IL-6, TNF-α) is associated with delayed bone healing. When 

they compared the expression of anti-inflammatory cytokines and angiogenic factors (e.g., IL-13, 

IL-10, VEGF) in boney versus soft tissue hematoma, they observed in the former an elevated level 

and upregulated expression at 36h post trauma of stabilized sheep tibial bones (38, 39). Wu et 

al. 2013 analyzed data from several studies on the role of macrophages in bone repair and 

concluded that the tenacious polarization of macrophages to an M1 phenotype during the 

inflammatory and possibly early anabolic phase(s) might be unfavourable to fracture healing. 

They also emphasized that pro-inflammatory macrophages are short-lived; if these cells were 

present within the tissues outside the inflammatory phase, this could be associated with chronic 

inflammation and delay healing depending on the soft tissue injury, the duration and the 

microbial load after insult (40).  

Recent molecular work on the role of macrophages, especially their polarization during bone 

healing, suggests that they can be the tip of the regulatory pyramid. Aspects of macrophage 

polarization investigated in several studies include the down- and upregulation processes behind 
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it, and its effect on the bone healing process (34, 41-43). Cross-talk between macrophages and 

mesenchymal cells seems to play a role in bone regeneration(38). Macrophages are of different 

phenotypes, and each one of them plays a significant role in bone repair. Interferon-gamma 

(IFNγ), lipopolysaccharide via toll-like receptors (TLRs) such as TLR-4, and the granulocyte-

macrophage colony stimulating factor (GM-CSF) can polarize uncommitted (M0) macrophages to 

pro-inflammatory classically activated (M1) macrophages. On the other hand, the exposure of 

M0 or M1 macrophages to IL-4 and tumour growth factor-beta 1 (TGF-β1) can polarize them to 

an anti-inflammatory alternatively activated (M2) phenotype (44). 

Scientists recognize the M1 macrophage phenotype by the increased expression of specific 

cytokines and chemokines such as TNFα, IL-6, IL-1, IL-12, Oncostatin M, and type 1 IFN with 

increased expression of iNOS, C-C chemokine receptor type-7 (CCR7), and HLA-DR antigen. 

Alternatively, M2 induces the secretion of IL-4, IL-10, IL-13, and IL-1ra and increases the 

expression of a cluster of differentiation (CD206), eosinophil chemotactic factor (Ym1), CD163, 

chemokine ligand 1 (CCL1), chemokine ligand 18 (CCL18), FIZZ1 gene (found in inflammatory 

zone), Arginase 1 (Arg-1), and chitotriosidase (45, 46). Macrophage polarization during bone 

healing seems to play an essential role in the healing outcome depending on the initiation 

environment and the phenotype expression through the pro- versus anti-inflammatory 

properties (28). The expression of different markers such as Ym1/2, Fizz1, and Arg-1 has been 

observed in association with the M2 polarization in mice models  

More recent evidence, mainly from in vitro studies supported the links of M1 macrophage with 

bone destruction and M2 with tissue repair (47). More importantly, recent in vitro studies 

showed that monocytes and macrophages could promote the osteogenic differentiation of bone 
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marrow-derived mesenchymal stem cells, the precursor of the osteoblast (48). This process, 

which depends on prostaglandin E2 (PGE2) and cyclooxygenase 2 (COX-2), requires direct cell-

cell contact leading to the production of a soluble factor. This soluble factor, identified as 

oncostatin M, induces a signal transducer and activator of transcription 3 phosphorylation (49). 

Tasso et al. 2013 demonstrated that mesenchymal stem cells in an inflammatory environment 

secrete a significant amount of PGE2, thus playing a vital role in macrophage polarization (50). 

Results from in vivo and cell culture studies demonstrated that cyclooxygenase inhibition with 

NSAIDs such as indomethacin could drive macrophage towards the inflammatory phenotype (51). 

The Goodman group conducted in vitro and in vivo experiments to investigate how macrophage 

polarization promotes osteogenesis by mesenchymal stem cells via COX and PGE2 pathways and 

how NSAIDs administration can affect bone healing. Lipopolysaccharide and TNF-α activate TLR4 

and Tumor necrosis factor receptor 1 (TNFR1) on the migrated mesenchymal stem cells, which in 

turn, lead to the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

kB) signalling that increases COX-2 and PGE2 secretion. The PGE2 binds to EP2 and EP4 receptors 

on macrophage that increase the secretion of IL-10 and promote endochondral ossification. This 

process is also promoted through the induction of the COX-2 and PGE2 regulatory loop via STAT3 

and the production of oncostatin M (52). The group also showed that the disruption of the COX-

2 and PGE2 mechanisms by the administration of celecoxib leads to a dramatic reduction of bone 

remineralization. These results suggest that an inflammatory response via COX-2 and PGE2 

pathways is essential for osteogenesis in contrast to the pathways of skeletal development (52). 

Also, the inflammatory environment mediated by macrophages negatively regulates 
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osteoprotegerin (OPG) secretion and may affect the osteoclast activity through the OPG- Nuclear 

Factor-kappa b Ligand (RANKL) axis.   

Table 2-1: Phases during fracture healing in mice. 
Temporal cellular and molecular signalling expression during fractured bone healing in mice (25, 34, 38, 
53, 54) 

Day Event Molecular signalling 
Cells 

 
Signals/Cytokine 

1 Hematoma 
formation and 
initiation of 
acute 
inflammation 
(Activation and 
recruitment of 
proinflammatory 
cells and 
cytokines) 
 

Macrophages, 
neutrophils and 
attraction of 
mesenchymal 
stem cells 

IL-1, IL-6, IL-8, IL-11, TNF-α, CCL2, CCL7, IP-10 (from inflammatory cells-
Monocytes /macrophage) 
PDGF, TFG-β (from degranulation platelets) 
BMP-2 expression  
GDF-8 and osteoprotegerin expression 
 

3 Fibrous tissue 
(Angiogenesis) 

Mesenchymal 
stem cells, 
osteoblast start 
to differentiate in 
intramembranous 
bone 

Expression of: CCL3, CCL11, IL-10, HIF1 α protein, HMOX, VEGF and GLUT1, 
TGF-β2, β3, GDF-10, BMP-5, -6 and RANKL and M-CSF, MIF (decreased for 
2wks) 
Decline of cytokines: CCL7, IL-6, IL-1 
Induction of Angiopoietin-1 

 
7 Soft and hard 

callus formation 
(Endochondral 
ossification) 

Intramembranous 
ossification’s cell 
proliferation 
(peaks between 
7-9 days). 
Maturation of 
chondrocytes 
(days 9-14) 

Expression of CXCL12 
The peak of TGF- β2, β3 & osteoprotegerin 
Expression of GDF-5 and probably GDF-1 
 

14 Cartilage 
resorption and 
Active 
osteogenesis 
 

Osteoblastic and 
osteoclastic cells 
activities, along 
with new 
mesenchymal 
cells 

Decreased levels of expression for TGF-b2, GDF-5, and probably GDF-1 
Expression of BMP-3, -4, -7, and -8 
Expression of VEGF and RANKL, M-CSF 
Peak of  IL-1 and TNF-a expression that continues during bone remodelling  
 

21 Remodelling 
 

Continuous 
osteoblastic and 
osteoclastic 
activities 

Second peak of IL-1, IL-6, and TNF-a expression which continues during bone 
remodelling 
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2.3.3 Cyclooxygenase in bone healing 

Two cyclooxygenase isoforms, COX-1 and COX-2, regulate the transformation of arachidonic acid 

(Aa) into final substrates through a specific prostanoid synthesis. The final prostaglandins are four 

substrates of Prostaglandin E2 (PGE2), prostaglandin F2α (PGF2α) and prostaglandin D2 (PGD2); 

prostacyclin (PGI2); and thromboxane A2 (TXA2) (55). COX-1 seems to regulate the function of 

many organs, while COX-2 is expressed mainly in response to trauma, for example, after fracture 

along with the initiation of the inflammatory process (11, 55-66). Experimental trials using COX-

1 and COX-2 knockout animal models have confirmed the crucial role of COX-2 in maintaining 

bone density and strength, parathyroid hormone levels and other functions (67).  

Prostaglandins are G protein-coupled receptors in the A-rhodopsin-like receptor superfamily. In 

bone tissues, the regulation of cell differentiation depends on the triggering of specific 

prostaglandins receptors which leads to the activation of different pathways (21). The binding of 

PGE2 to Prostaglandin E Receptor 2 and Prostaglandin E Receptor 4 activates the anabolic bone 

healing effect, while the PGE2 binding to Prostaglandin E Receptor 1 and Prostaglandin E 

Receptor 3 downregulates bone formation (68). The effect of Prostaglandin E Receptors on bone 

repair is different from one receptor to another. Zhang et al. using COX-1–/–, and COX-2–/– mice 

concluded that Prostaglandin E Receptor 1  expression inhibits bone repair (69), unlike when 

using an agonist for Prostaglandin E Receptor 2 and Prostaglandin E Receptor 4, which stimulate 

bone formation and promote endochondral bone repair (70).  

O’Connor hypothesized that COX-2 has a critical function in chondrocyte differentiation during 

callus formation and endochondral ossification, a process that NSAID administration may disturb 

leading to delay or non-union healing. COX-derived lipid mediators appear to function through 
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the inflammatory phase and callus formation phase, with peak expression in the first three days 

and return to normal baseline level only after ten days post fracture (11). Besides the expression 

of pro-inflammatory cytokines (e.g., MCP-1, IL-6), which are essential for bone healing in the first 

three days, osteoprotegerin (OPG) appears to be expressed in high percentage in the callus at 

day 4 reaching a peak at day 7; this prevents premature resorption by the RANKL activated 

osteoclasts (59).  

Lin and O’Connor (2016) reported the association of COX-2 expression with the osteoclasts callus 

and proliferating chondrocytes at day four after fracture, which suggests that the source of PGE2 

synthesis after the initial inflammatory response comes at least in part from callus chondrocytes 

or osteoclasts that regulate fracture healing (59).  

The physiological stress such as that from a fracture leads to an increase in the local activity of 

COX to produce PGs and promotes bone resorption and formation by the expressional influence 

of RANK and the reduction of OPG and RANKL. RANKL, which can be found on osteoblasts to 

activate the osteoclasts, is essential for bone metabolism and its action is promoted functionally 

by T-lymphocytes through the transcription factor NF-Kβ. As a counterpart of RANKL, osteoblasts 

also produce OPG, which is considered a protector of bone tissue as it acts as an antagonist by 

impeding the action of RANKL or RANK (71). Local hypoxia and other types of physiological stress 

in the bone tissue contribute to the synthesis of prostaglandins in the direction of growth and 

formation of osteoblasts and osteoclasts (72).  

In conclusion, prostaglandins and COX-2 control critical phases of fracture bone healing, 

especially in the early inflammatory response of the endochondral ossification or bone formation 
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(55). Accordingly, evidence from in vitro and animal studies shows an association between the 

use of NSAIDs and delayed bone healing after a fracture. 

2.3.4 Role of NSAID 

Clinicians used NSAID frequently after a bone fracture or surgery due to their analgesic and anti-

inflammatory effects (73, 74). However, using NSAID in an orthopedic context is controversial. 

More than 17 million Americans take NSAID daily, and up to 70 millions prescriptions are 

dispensed for these drugs each year (74). More than 25% of the prospective burden of drug 

interaction or side effects are related to NSAID (75). These drugs work by inhibiting both COX-1 

and COX-2 enzymes, while selective NSAID inhibit only COX-2. From the mechanistics of bone 

healing, we can relate the effect of NSAIDS and those of inflammation and COX in the 

osteogenesis process after bone fracture. NSAIDs can negatively affect bone healing through 

different mechanisms that involve the immune system, mainly by inhibiting COX synthesis, which 

will affect the production of prostaglandin and other inflammatory proteins. As we saw 

previously, these processes appear to be essential for the regulation of bone hemostasis. 

Therefore, by inhibiting the production of PGE2 via COX, NSAID can have an adverse impact on 

the PGE2 in bone tissue, possibly causing a shift in precursor cell action towards bone resorption. 

Moreover, NSAIDs can disturb the equilibrium between RANKL and OPG in bone tissue, which in 

turn, may affect both processes in bone healing resorption and formation (21, 76). 

Accordingly, animal studies have shown as early as 1975 (77) that NSAID administration 

negatively affects bone healing outcomes (11, 67, 71, 78); although evidence from fewer studies 

has revealed no effect of NSAID administration on bone healing (36, 79-82).  
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Studies have also investigated the mechanisms through which NSAID may delay bone healing. 

Evidence from animal experiments has shown that the blockage of COX enzymes through the 

administration of NSAID may lead to delayed or impaired bone healing(64). Moreover, Simone 

et al. revealed that COX-2 in comparison to COX-1 blockade is associated with impaired bone 

healing. Also, their work confirmed that administration of COX-2 affects the differentiation of 

mesenchymal stem cells into osteoblast cells during bone fracture healing. Several factors may 

influence the outcome of fracture bone healing in animal and may have impacted the results of 

these studies, including the age of the animal, type of NSAID and the duration of NSAID 

administration. In addition, variations on the time of NSAID administration during the day 

appears to lead to different healing outcomes; however, the relationship of this fluctuation with 

prostaglandins, COX and other pro and anti-inflammatory mediators variations during the day 

has not been investigated until now (61). Other factors that may affect the results of animal 

studies are the method of assessment and the time of outcome measurements. Studies that used 

histological assessment or bone mineral density (37, 80, 81) did not show the same deterioration 

in bone healing outcome as those using mechanical bending assessment (83-85). 

Another line of evidence on the effect of NSAID in the healing process was provided by in vitro 

studies, which showed that all NSAIDs limit the proliferation of human osteoblasts by inhibiting 

the transition from the G0 to the G1 cell cycle phase (76).  

Recent research has shown that introducing prostaglandins during the fracture healing process 

does not reverse impaired or delayed changes, which indicates that NSAID might affect bone 

healing through other mechanisms (21). These results coincide with those from Nagano et al. 

2017 indicating that COX-2 blockade also inhibits the genes produced by the transcriptional 
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Wnt/-catenin canon signalling pathway, which plays a role in the proliferation and differentiation 

of osteoblasts precursors by blocking the osteoclastogenesis (86). 

Clinically, results from many retrospective and prospective studies in humans have confirmed 

that NSAID therapy can significantly impair bone formation and bone healing following hip or 

femoral neck fracture, as well as hip arthroplasty (87-89) (18, 90). One study in humans has 

reported beneficial effects of NSAID on bone healing, particularly in Colle’s fracture patients 

treated with casting and reduction (91).  

These findings have even led some authors such as Marquez to suggest replacing NSAIDs’ by 

opioids (92), taking into consideration the uncertain effect of opioids on healing and findings 

showing a relationship between high-risk non-union or reduced mineral density and opioid 

treatment. Such recommendations demonstrate that finding a new approach to use NSAIDs after 

bone fracture deserves more attention from researchers. 

Considering the strong analgesic properties and fewer side effects of NSAID compared to other 

drugs after a bone fracture or bone surgery, there is an increasing interest to study the beneficial 

effect of NSAID on bone healing and regeneration. Indeed, a study by Jain et al. in 2014, has 

shown the beneficial effect of ibuprofen on preventing the bone resorption associated with the 

reduction of inflammatory cytokines (e.g., IL-1B and TNF-a) (93). 

In summary, it is increasingly clear that the function of cyclooxygenases and their products are 

critical for bone healing, and most animal and human studies support the conclusion that NSAID 

administration, which inhibits cyclooxygenases, can delay or inhibit bone fracture healing. At the 

same time, it seems that the anti-inflammatory and analgesic effects of NSAID are very beneficial 
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in treating posttraumatic pain and edema. The need for a new approach to using NSAIDs that 

preserve its pain control properties without affecting bone healing is justifiable and important.  

2.4 Bone fracture healing and pain 

Bone fracture pain is a response to injury, which involves the induction of inflammation and the 

activation of nerve fibres (94). The aetiology of this nociceptive and neuropathic pain can be 

divided into four categories: i) mechanosensitive activation of bone sensory nerve fibres, ii) 

activation and sensitization of bone nociceptors due to inflammation, iii) ectopic nerve sprouting, 

and iv) central sensitization. Immediately following fracture, mechanosensitive nerve fibres in 

bone (C and A-delta nociceptors) are activated and rapidly transmit initial sharp fracture pain 

signals to the brain; increased intraosseous pressure due to bleeding and edema can also trigger 

pain signalling. Subsequently, bone fracture induces inflammation, ectopic nerve sprouting and 

pathological hyper-innervation of sympathetic and sensory nerve fibres into the bone (marrow, 

mineralized bone, and periosteum). Within minutes to hours of the fracture, cells at the fracture 

site release cytokines and growth factors, such as Nerve Growth Factor, which acts on tyrosine 

receptor kinase A and sensitizes nerve fibres in the bone (95, 96). This results in local mechanical 

hyperalgesia, and localized tenderness during the bone healing process, such that normally 

innocuous stimulation are perceived as noxious (97, 98). This process, which is important for 

regeneration at the injured site, drives a dull aching pain at rest and sharp pain upon movement, 

and if rapid and effective healing of the fracture does not occur, it could develop into chronic 

bone pain (95).  

Bone fracture healing and pain are influenced by many phenomena including the bone healing 

process and the circadian rhythm (99). The relationships between these phenomena and pain 
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are not well understood but could be critical for the development of better strategies to manage 

bone fracture pain while avoiding interference with bone healing (99). Bone fracture healing 

follows four sequential and overlapping stages (homeostasis, inflammation, proliferation and 

remodelling), which are intertwined with the circadian rhythm.  

2.5 The circadian rhythm in immunity, inflammation, bone metabolism and 

healing  

2.5.1 Circadian rhythm in immunity and inflammation  

The term circadian rhythm comes from the Greek word “circa,” which means “about the day.” It 

was introduced by Halberg to describe endogenous oscillations in organisms that were observed 

in close association with the earth's daily cycle (13). In mammals, many biological functions are 

modulated by the circadian timing system as a result of different endogenous oscillations at the 

genetics, cellular and metabolic levels influenced by external cues during the 24-hr cycle (100). 

The circadian system in mammals is composed of a central clock at the suprachiasmatic nuclei 

(SCN) and a peripheral clock inside all cells. The SCN controls the rhythmic regulation of 

physiological processes, involving the hormonal and autonomic nervous systems and 

temperature. Also, the SCN contributes to the regulation of autonomous molecular clocks 

located in each nucleotide cell, which then oscillates the expression of a considerable number of 

genes involves in intercellular processes. 

A feedback loop of heterodimer core clock genes, specifically circadian locomotor output cycles 

kaput (Clock) and brain and muscle Arnt like protein-1 (Bmal1), controls the circadian clock. Clock 

and Bmal1 drive the expression of two inhibitors, cryptochrome (Cry) and period (Per)1, 2 (101). 

The core clock proteins Bmal1, Clock, and nuclear receptor Rev-Erbα, and their repressors 
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proteins Per and Cry control fundamental aspects of the immune response and bone healing 

process (101).  

Circadian regulation does not only coordinate the clock core mechanism, but modulates many 

downstream processes (102). More than 40% of the transcriptomes is believed to oscillate in 

circadian rhythm along with 20-40% of proteome and metabolites (103). 

Thus, clocks cause circadian oscillation in the activity of immune cells and their associated 

cytokines in innate and adaptive immunity in response to external insults and inflammation, both 

at the cellular and molecular levels (13, 100, 104). Macrophage activity, leukocyte recruitment, 

and pro-inflammatory mediators such as interleukin-1β (IL-1β), IL-6, and IL-12 are more 

pronounced at the beginning of the daily activity phase. Moreover, there is an increased activity 

of Tol-Like Receptors (TLR) TLR9 and TLR4 that upregulate the expression of CCL2, CXCL1, and 

CCL5 leading to activation of leukocyte recruitment and potential tissue damage at the injured 

site (100, 101, 104, 105). By contrast, regulatory mediators such as the vascular endothelial 

growth factor (VEGF) peak during the resting phase (101, 106, 107) (Table 2-2).   

Recent studies suggest that the cyclic rhythm in recruiting immune cells to the tissue can affect 

the expression of diseases and the effect of therapeutic approaches. The clinical importance of 

the circadian expression of innate immune system components on the onset and exacerbation 

of inflammatory diseases (e.g., rheumatoid arthritis, periodontal diseases) may be a crucial factor 

in the healing process of hard and soft tissues (13, 101-103, 108-110).  
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Table 2-2: Different immune cells and cytokines circadian rhythm expression during the day in 
human and mice. 

Cytokines/ 
Chemokines ligands 

or receptors/  

Role in inflammation and bone healing Circadian 
Rhythm 

Reference 

IL-4 Th2 cytokines that are associated with 
macrophage M1-M2 polarization. 
Expresses at 3-4 days after fracture 
associated with anti-inflammatory 
macrophage trait   

H-ZT18 (111) 
(53) 

VEGF Secreted by endothelial cells, induces 
angiogenesis and growth. Expresses at 
the end of hematoma formation when 
the hypoxia state starts (around 4 to 14 
days after fracture) 

M-serum 
Peak during the 
dark phase and 
lower levels at 
light phase (ZT2 
and ZT14) 

(107) 

IL-6 Cytokine largely responsible for inducing 
the synthesis of the acute phase 
proteins, C reactive protein and serum 
amyloid protein A (SAA), and is one of 
the major cytokines involved in bone 
resorption. Highly expressed on day 1 
and with the presence of inflammation 
expressed at day 7 and 14 

H-Morning 7:30 
 
Healthy and RA 
patients at 4:00 
am 

(112), (113) 
 
 
(34) 
 

IL-10 Healing in the fetus (114), expressed at 
day 4-7 after fracture 

H-Morning 7:30 
with the second 
peak at 13:30 

(112) 

TNF-a 
and its receptors 
(p55 and p66) 

Expressed at day 1 and later at day 21 
and 28, depressed level at day 7 

H-S-Morning 
7:30 
6:00 am in 
healthy and RA 
patients 

(112) 
 
(34) 

MMP-9 Potent degenerative enzyme  H- Increase 200-
fold on 
awakening 

(115) 

IL-1B One of the most potent osteoclast-
activating factors within the human 
organism and thus believed to play 
an important role in periodontal tissue 
breakdown, IL-1 peak on the 3rd day 
after fracture, expressed at day 1 and 
later at days 21 and 28, depressed level 
at day 7  

H-GCF-  
Periodontal 
healthy subjects-
lowest morning, 
highest evening 
(melatonin can 
affect) 

(116) 
 
(30) 
 
 

Osteoprogetron 
(OPG) and its 
receptor (RNKL) 

Peaks in the fracture site after 24hours 
and at the peak of cartilage formation 
phase at day 7, while RANKL 
osteoprotegerin was seen on day 3 and 
14 like MCSF 

 (34) 

IL-1R1 and 
receptors 

Expressed on day 1 and 3 post fracture  (34) 

IL-5 Recruitment and activation of the OPG 
and inhibition of osteoclast activity 

 (117) 

Macrophage 
inhibitory factor 
(MIF) 

Expressed at day 4 of fracture and 
decreased gradually for two weeks. 
Counter-regulator of glucocorticoid 
action. 

H- peaks 6:00-
9:00 am 
Nadir: 00:00 to 
3:00 

(118), (119) 
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H-Human, M-mouse, CT: actual circadian time in hours (e.g. CT6 = 6 AM); ZT: Zeitgeber time: time after the onset of light with lights on at ZT0/24 
and off at ZT12, ZT 0-light on, ZT12-Light off; S-serum. 

 

2.5.2 Circadian rhythm in bone metabolism and healing 

Evidence for the role of the circadian rhythm in bone metabolism and healing was collected at 

different levels: in a single cell, a population of cells, laboratory animals or human subjects. 

Induces immunosuppression and 
glucocorticoid 
Induces proinflammatory cytokine 
inhibition 
8% of macrophage cells and their 
secretion is under local circadian control-
IL-6 or TNF-a 

 
(120) 
 
 
 
(104) 

CXC chemokines 
ligands 
CXCL12 

Induced recruitment and retention of 
hemopoietic stem cells, macrophage 
cells and mature immune cells, 
Upregulated during the acute phase of 
bone healing 

Downregulate at 
the beginning of 
the resting 
phase to allow 
the release of 
the cells in the 
blood (ZT23, 
ZT1, ZT24) 

(53) 

CXCR4 The receptor of the CCL12 on the cells 
and CD4, CD8 and T cells. Associated 
with the recruitment of BM-MSCs to the 
fracture site   

Peak during the 
resting phase  

(53) 

P-selectin, E-
selectin, VCAM-1 
ICAM-1, Ccl2 

Initiation of the inflammatory phase of 
the endochondral ossification healing.  
Express on day 1 – day3 

M-bone marrow 
–(ZT13) 

(53) 

INF Role in initiation and activation of 
macrophage polarization from M0 to 
M1. Expressed on day 3 

Natural killer -M 
– (ZT 14-24) 

(53) 

TLR9 
Toll-like receptor 9 

Modulates the inflammatory response 
during bone healing and may affect the 
osteoclastogenesis through its effect on 
osteoclasts cells or osteoblasts. Subunit 
of TLR family  

M-ZT19-7 (13) 

Neutrophils, 
lymphocyte, 
monocyte, 
eosinophils 

Recruited to the fracture site for 
secretion and initiation of the 
inflammatory phase   
Highly expressed at day 1 

M-CT17 (during 
active phase) 

(43) 

Macrophages  Recruited at the beginning of the 
inflammatory phase at the fracture site 
(role in the secretion of different 
proinflammatory and anti-inflammatory 
cytokines) 

M-CT0-12 
(during resting 
phase) 

(104) 

Β-cells and T-cells During the later stage of inflammatory 
phase, B-cells and T-cells are involved in 
suppression of the pro-inflammatory 
signals, and able to induce anti-
inflammatory functions from 
mesenchymal stem cells and induces 
osteogenic differentiation and activity 

M-ZT5-13 (121) 
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Collectively, these studies have shown that the transcription of half of all protein-coding 

mammalian genes is affected by the circadian rhythm in at least one tissue. In other words, they 

show clock control, which is transmitted to their proteins and even metabolites (108, 122, 123).  

All bone cells (e.g., osteoblasts, osteoclasts, and chondrocytes) express clock genes such as Per 

or Cry that influence bone volume regulation (124, 125). Cry2 mainly influences osteoclastic 

activity, whereas Per2 regulates osteoblastic activity (126). Accordingly, bone and cartilage 

metabolism is affected by the circadian rhythm (127), with more bone formation occurring during 

the resting period and more resorption during the activity period (128). Experimental studies in 

rodents and humans also reveal that sleep and circadian disruption impair bone formation (129). 

The 24-hour oscillation has been observed in bone tissue during growth (130), formation, 

resorption (128, 131), and even in endochondral ossification during fracture bone healing (128).  

Early histological and biochemical studies, such as the work of Simon et al. in the late 60s to the 

80s, demonstrated that bone metabolism is affected by the circadian rhythm. However, the 

authors had difficulty understanding the underlying molecular mechanism (64, 65). Studies in 

rabbits have shown a 24-hour variation in the long bones growth process with the highest bone 

growth rate during the resting phase; endochondral ossification and epiphyseal cartilage 

mineralization also show a circadian rhythm (66). Their findings concur with Greenspan et al. who 

demonstrated that bone resorption markers (e.g., carboxy-terminal cross-linked telopeptide of 

type 1 collagen that is generated by cathepsin K activity) have a circadian rhythm with its highest 

serum concentration at the beginning of the active hours of the day. Also, bone formation 

markers (e.g., osteocalcin and alkaline phosphatase (ALP) have their peaks at the beginning of 

the resting time of the day (67, 68).  
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Kunimoto et al. 2016 showed that endochondral ossification healing in a mouse femur fracture 

model involves circadian clock genes and transcripts (71). Moreover, clinical and retrospective 

studies proved that timing of skin wound or cardiovascular surgery could affect the healing 

outcome and post-operative recovery (71, 72).  

The immune response after injury, which is carefully controlled by circadian clocks, is crucial to 

control the pathogenic and host healing process (103). The circadian clock controls the timing 

and duration of acute inflammation to confine the pathological challenges, and timely start the 

healing process without going into chronic inflammation, which will delay healing. (110). 

However, a comprehensive understanding of the inflammatory mechanism linking this oscillation 

to the precise molecular level has yet to be achieved. 

2.5.2.1 The circadian clock could be the key 

The 2017 Nobel prize for medicine was given to three scientists for their discovery of the intrinsic 

rhythm generated by endogenous circadian clocks (132). Indeed, the circadian transcriptome 

analysis of multiple organs/ tissues from the same animals has revealed that nearly all genes in 

the genome show circadian modulation (102). Circadian clock transcripts modulate the circadian 

rhythmicity of different hemostatic functions in multiple tissues involved in immunity, cellular 

defence and communication, and other functions (110). Two approaches can be identified from 

the literature regarding the implication of the circadian rhythm and clock for health and disease 

control, including drug administration. 

- Chronotherapy (timing the drugs) 

Chronotherapy is the science of preventing or treating illness according to biological rhythms 

(133). It involves the timing of pharmacological and non-pharmacological interventions such as 
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surgery, activity and other therapy to minimize side effects and increase treatment efficacy. It 

also aims to target treatments or drug administration for better healing outcomes depending on 

the biological circadian rhythm of the healing processes (134-136).  

Preclinical experiments in the 1960 and 1970s demonstrated reproducible increases in toxicity as 

a function of circadian timing over fixed timing doses for several drugs like methopyrapone (an 

adrenal cortical inhibitor), morphine, lidocaine hydrochloride, oubian (an antihypertensive drug), 

methadone, arabinosylcytosine, cyclosporine, and lithium (137). Although the potential 

implications for reducing adverse events of treatments were already emphasized, the results 

generated scientific controversies, which usually originated from methodological issues 

regarding animal characteristics, synchronization, and manipulations (134). These studies 

resulted in the demonstration of circadian dependent pharmacology for more than 400 drugs, 

including NSAID, which lead to their chronotherapy application in mice or rats through different 

routes (137). 

There are 24-hr changes in the process that determines drug’s pharmacological characteristics, 

including absorption, distribution, metabolism, excretion and elimination. The 24-hr changes in 

the drug chronopharmacokinetic are related to physiological circadian changes that involve the 

gastric PH, plasma protein and protein subtypes, and they can be affected by changing or 

imposing a feeding routine (138).  

Chronopharmacodynamic refers to the drug activity that is modulated by the circadian rhythm 

of its direct intercellular target and triggered pathways, and also the extracellular environment 

circadian status as a result of control by the circadian timing system of immune and inflammation 

and other physiological functions (137). Levi et al. harvested bone marrow cells at different time 
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points and found that the topoisomerase II inhibitor toxicity toward these cells depends on the 

time of collection (108). This approach can be used to test implications for different physiological 

functions. 

Overall, circadian gene expression results from rodents and human tissues indicated that more 

than 80 % of FDA approved drugs have a circadian rhythm in mRNA levels and many of them also 

may have a daily rhythm in their particular functions (139). Successful chronotherapeutic results 

have been demonstrated in treating inflammatory diseases such as rheumatoid arthritis, 

hypertension and even in cancer therapy (140). Despite these encouraging outcomes from the 

chronotherapy approach, there is still a need to consider additional factors to ensure the 

maximum benefit and personalized benefit from this approach. These factors may include the 

correct target, appropriate drug, and the appropriate dosing. Also, it is imperative to highlight 

whether the daily rhythm in a disease or injury condition is the same as in the normal condition; 

if it is the same, it will be very wise to target the peak time of the pro-inflammatory response.  

- Administration of drugs can affect the circadian clock 

There is a rising interest in targeting the circadian clock as a therapeutic approach to control 

diseases or promote healing (102). As the circadian clocks are coordinated, several cellular 

pathways and clock components will maintain the hemostasis by transiently repressing a 

pathway, thereby avoiding chronic activation. For example, after injury, the circadian rhythm 

represses inflammation and prevents it from progressing toward the chronic state.  Targeting the 

clock components can suppress the inflammatory response at the right time to restore the 

normal circadian rhythm of the healing process will be most valuable. Interestingly, as many 

circadian clocks have molecule ligands that potentiate their function, several drugs-like 
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compounds have been developed to target these clock components and have shown beneficial 

results in the in vivo preclinical studies. Most of these studies focused on inflammatory diseases, 

metabolic diseases, and cancer (141). 

2.5.3 Circadian rhythm and NSAID administration 

Chronotherapy is a therapeutic strategy whereby the timing of drug delivery is based on the 

circadian rhythm of physiological and pathological activities, and it aims at synchronizing drug 

activity with this variation (107).  

Part of the pain response oscillation could be explained by COX-1 and COX-2 significant circadian 

changes during the day (142), especially after an injury or insult (143). This is probably why 

laboratory and clinical evidence show that there are circadian and circannual variations in the 

pharmacokinetics effects of NSAIDs. These findings suggest that maximum absorption and 

effectiveness are achieved when the drug is administered during the active phase (110, 134-136, 

144). 

The circadian response of human individuals gives rise to substantial differences during the 24-

hr cycle in their risk of severe medical events (e.g., cardiovascular accidents) and symptoms of 

chronic inflammatory conditions (e.g., allergic rhinitis, asthma, rheumatoid arthritis and 

osteoarthritis). The same prominent circadian time structure can substantially affect the kinetics 

and dynamics of many classes of medications when used at different biological times of the day 

and night. The results obtained in different clinical studies strongly suggest that careful selection 

of administration time can improve the effectiveness of NSAID and markedly reduce their 

undesirable effects. They exert a strong anti-inflammatory effect when ingested or injected in 

the morning or early afternoon, but not in the evening (138).   
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Understanding the circadian biology, especially immunity and inflammation after injury or insult, 

may provide the information needed to optimize the timing of NSAID administration to maximize 

its efficacy and minimize side effects such as indigestion, stomach ulcers, and acute kidney 

problems (145).    
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3 Statement of the problem  

Bone fractures are extremely painful and can cause significant morbidity and even mortality in 

some cases (4). NSAIDs’ are the most common drugs used following the treatment of bone-

related surgeries. However, animal experiments (31, 146-149) and human studies (18) indicate 

that the administration of NSAID may impair the healing of fractured bone (11, 37, 77, 85, 146-

148, 150-163) due to their impact on the inflammatory process.  

The immune response involved in the inflammatory process, including those after fracture or 

injury follows a circadian rhythm (13, 100). Indeed, clock gene expression has been proved in 

different bone cells that affect bone hemostasis and bone growth during the normal physiological 

process or bone fracture (128, 164, 165). Moreover, there is a proof of concept that skin healing 

differs depending on the time of the day when the injury occurred (166). Also, the circadian 

biology may affect healing outcomes of surgical procedures in different parts of the body (167).  

In addition, the timing of medication taking into account the circadian rhythm, also known as 

chronotherapy, seems to have an effect on the inflammatory process. This has led to 

recommendations of different administration schedules for many inflammatory diseases and 

conditions including chemotherapy regimes for cancer treatment. The latter seems to improve 

patients’ quality of life.  

The effect of NSAID seems to exhibit a daily rhythm (139). However, we are unaware of any 

studies investigating the effect of NSAID chronotherapy on post-surgical pain and bone healing. 

Moreover, the studies have not reported surgery time. This is a major issue since the 

inflammatory response follows the circadian rhythm.  
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The overall aim of my PhD project is to further our understanding of NSAID use in the healing of 

bone fractures. To achieve this, I propose an interdisciplinary project that encompasses the entire 

spectrum of scientific inquiry. My first paper is a systematic review and meta-analysis of 

preclinical trials on the use of NSAID after bone fracture surgery. The review integrated a quality 

assessment of the retained studies and adopted the risk bias tool and methodology specified for 

animal studies. Following this review, I conducted a series of pre-clinical animal trials, which 

tested the chronotherapy hypothesis. One of these trials included the identification of the 

systemic cytokines and gene expression markers of different biological processes occurring 

during the healing period of the bone fracture surgery after the administration of NSAID at 

different times of the day. Finally, I developed a protocol for a RCT to test the NSAIDs 

chronotherapy approach among humans. 
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4 Aim and objectives 

The overall aim of the project is to better understand the effect of NSAIDs chronotherapy on 

bone healing after fracture surgery. The working hypothesis is that the administration of NSAID 

during the active phase after bone fracture surgery results in better recovery and bone healing 

in comparison to administration during the resting phase. The specific objectives are: 

i) To conduct a systematic review and meta-analysis to estimate the effect of NSAID 

administration on bone healing biomechanical and histomorphometric 

measurements in different animal models after bone fracture surgery. 

ii) To estimate the extent to which NSAID administration during the active phase is 

associated with lower expression of pain behaviour and better healing outcomes 

in comparison to NSAIDs administration during the resting phase, using a tibia 

fracture model in mice. 

iii) To identify the inflammatory cytokines and metabolic pathways affected by 

NSAIDs administration during the active phase compared to NSAID administration 

during the resting phase in a tibia fracture model in mice.  

iv) To prepare a RCT protocol to estimate the extent to which the administration of 

NSAID in the morning and early afternoon, compared to three doses during the 

day, is associated with a decrease in pain and postoperative recovery after third 

molar surgical extraction in subjects attending the dental clinics at the Jordan 

University of Science and Technology 
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5 Methodology 

The three manuscripts of this thesis include a systematic review with meta-analysis, a manuscript 

presenting the results of a series of experimental trials and the protocol of a RCT. This chapter 

details the techniques I performed in this thesis for each manuscript. Subsequently, the 

methodology of the studies involved in each manuscript is explained in detail, and also 

synthesized in each of the manuscripts. 

 

5.1 Systematic review and meta-analysis in animal studies 

A literature review that includes a comprehensive method of summarization all the available 

relevant studies and may include synthesization of evidence regarding a specific question by 

conducting a meta-analysis is referred to as a systematic review (168).  

The systematic review and meta-analysis of animal studies are relatively novel. It is documented 

that the first systematic review of animal studies was conducted in 2001 by Horn et al. (169). The 

number of published systematic reviews of animal studies is rapidly increasing after 2001. 

Cochrane Collaboration supported centers that are promoting Cochrane similar approaches for 

conducting systematic reviews of animal studies; the first one is the Collaborative Approach to 

Meta-Analysis and Review of Animal Data from Experimental Studies (CAMARADES; 

www.camarades.info), which was established in 2004. Another centre is the Systematic Review 

Center for Laboratory animal Experiments (SYRCLE; www.umcn.nl) research group, which is 

providing training courses to help the researchers on how to conduct a systematic review of 

preclinical studies and use the results to develop and improve methodologies and guidelines.  

http://www.camarades.info/
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Data from the systematic review of the animal studies can help to reduce the risk of bias by 

outlining the clarity of aims, objectives and methodologies. They also highlight gaps in the 

literature and help to improve the design of future experiments by avoiding unnecessary 

replication and providing evidence-based input in choosing the animal species, a specific dose of 

medication, or what outcome to measure. Moreover, it is important to emphasize on the 

exploratory nature of this review mainly on sources of heterogeneity and not to determine how 

“good” a drug is or to decide about the safety of health care approach (170).  

Same as in the systematic review of the clinical trials; there are several tools have been developed 

and validated to help in the search (168, 171), and the meta-analysis approach or for the risk of 

bias assessment (170, 172).  

The phases to follow in conducting a systematic review of animal studies start with the 

formulation of the research question and identification of the inclusion and exclusion criteria. 

After that a screening and reading of the abstracts and full-text papers to identify the included 

studies, followed by extraction of the required data and evaluation risk of bias and the quality of 

the included studies. Conducting meta-analysis depends on the availability of the data (173). 

A meta-analysis of the included animal studies will be conducted if it is applicable. One of the 

main objectives of animal studies meta-analysis is to explore heterogeneity among the studies. 

Then choosing the effect size measure of specific outcome followed by estimation of the effect 

size either by random or fixed effects model. The subgroup analysis can be performed if enough 

data is available, and there are enough group comparisons to estimate a difference. A meta-

analysis of the animal studies may include sensitivity analysis depending on studies quality 

assessment. Also, publication bias may be performed (173)  
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5.1.1 Methodology used in the first manuscript 

The Cochrane methodology used was specified and documented in advance using the SYRCLE 

systematic review protocol for animal studies (Appendix I-Table 12-1S) (168). The protocol was 

published in the SYRCLE database. 

5.1.1.1 Amendments to the review protocol 

I did not assess the effect of low-quality studies through sensitivity analysis because of low scores 

among studies for at least one of the domains used to determine their quality. 

5.1.1.2 Search strategy and selection of studies 

We searched eight databases (Embase, Scopus, Medline, CINAHL, BIOSIS, Cochrane, Central, and 

DARE) for original articles concerning the effects of NSAID on fractured bone healing in animal 

models from the inception of each database to August 1st, 2017. The search strategy was 

developed with Martin Morris, the Dentistry librarian from the Schulich Library, McGill 

University, Montreal, Canada. We did not have a lower limit for the search strategy. The strategy 

was composed of three elements: anti-inflammatory agents/non-steroidal, bone, and animals 

(for the complete search strategy, see Appendix I- Table 12-2S). We drafted and used a search 

filter to detect all animal studies. Additionally, we screened the lists by hand to check for relevant 

articles. No language or other restrictions were used, other than excluding human studies.  

Two independent reviewers (Haider Al-Waeli, Ana Paula Reboucas) screened the selected papers 

using RAYYAN software (httpp://rayyan.org, Doha, State of Qatar) (174), and any disagreement 

was solved by discussion, or by including a third reviewer. Full-text articles screened were 

included when they met pre-specified criteria: (i) a controlled NSAID interventional design after 

bone fracture; (ii) description of outcome measures related to bone healing (biomechanical 
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characteristics, µ-CT scan measures, radiographic bone assessment, histomorphometric and 

histological based grading). We excluded papers that fulfilled one the following criteria: (i) not an 

original study (e.g., reviews, letters); (ii) use of a bone graft or other materials; (iii) measuring 

only outcomes that were not biomechanical or histomorphometric; and (iv) duplicates. The 

registered protocol contains these inclusion and exclusion criteria in advance (Appendix I-

Table 12-1S).  

5.1.1.3 Data extraction 

In addition to authors and year of publication, we extracted information from selected articles 

related to the animal model used, weight and sex of the animals, type of fracture model and 

bone, whether there was fixation or not; type of fixation method; number of fractured bones, 

fracture site on the bone, use of opioids and antibiotics, NSAID intervention type, name, duration 

and route of administration, outcome measure and time point of data collection, and the reason 

for exclusion of a study from the meta-analysis. Outcome measures related to bone healing were 

divided into biomechanical characterization (maximum or ultimate force load (MF), stiffness 

(Stiff.) and work to failure (WF)); histomorphometric characterization (any quantitative study on 

µ-CT images (bone volume (BV), bone volume to tissue volume (BV/TV), or microscopic image of 

fracture callus (bone percentage or mineralized tissue percentage (B%)) (Table 5-1).   

We extracted all the available data, including experimental groups means or medians, standard 

deviation (SD), standard error (SE), number of animals per group (n) for all continuous outcome 

measures. Attempts were made to obtain original data by contacting authors if results were 

presented by graphs or incomplete only. If data could not be retrieved, the study was excluded 

from further analysis.  
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Table 5-1: Study characteristics 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1.1.4 Risk of bias assessment 

Risk of bias assessment tool used to assess the quality of the included studies. The assessment 

was done by myself and another reviewer (Alaa Mansour) using SYRCLE’s risk of bias tool (172) 

This tool is based on the Cochrane Collaboration tool for assessing the risk of bias, and it was 

adjusted to assess bias in animal studies. The tool helps to assess six types of bias (selection, 

Study information  
 Author name(s) 
 Study name 
 Journal name 
 Year of publication 
 Location 
Population   
 Animal species 
 Age of animal 
 Sex of animal 
 Weight of animal 
 Strain of animal 
Intervention (fracture 
and medication) 

 

 Fracture type 
 Technique used to perform the fracture 
 Type of fractured bone 
 Number of fractured bones 
 Site of the fracture on the bone 
 Type of fixture after bone fracture 
 Type of NSAID 
 Name of NSAID 
 Dose of NSAID 
 Route of administration of NSAID 
 Interval and duration of NSAID administration 
 Use of antibiotics 
 Use of opioid 
 Use of another analgesic 
Inclusion and exclusion  
 Is the study included in the meta-analysis 
 Reason for exclusion from the meta-analysis 
Study outcomes  
 Type of biomechanical bending 
 Time to measure biomechanical bending after bone 

fracture 
 Type of other outcome measurements 
 Time to measure other outcome measurements 
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performance, detection, attrition, reporting and other) distributed into ten domains. If the 

answer to the related domain was yes this indicates a low risk of bias, if the answer was (no) it 

indicates a high risk of bias, and the third score was (?) if the bias was not clear. 

To overcome the problem of recording many items as unclear risk of bias, we added four domains 

(175): reporting any measure of randomization, mentioning any blinding measure, describing 

sample size calculation,  specifying the time of the day at which NSAID was administered or the 

time of day at which surgery was performed (172). The scores were either (yes) if reported and 

(no) for unreported items. 

5.1.1.5 Data analysis 

We applied the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

guidelines to conduct the meta-analysis (176). We used Comprehensive Meta-Analysis software 

(version 2.2.064, Biostat Inc., Englewood) when five or more independent comparisons from at 

least three different studies for each outcome were included (if these assessments were 

sufficiently comparable for each outcome). We calculated the standardized mean differences 

(SMD) through Hedges g effect sizes (177). The calculation was (SMD = the mean of the NSAIDs 

group minus the mean of the control vehicle group divided by the pooled standard deviations of 

the two groups) to account for the differences in measurement units. Hedge’s g is based on 

Cohen’s d, used to correct bias due to the small sample size (170).  

The individual effect sizes were pooled to have the overall SMD and 95% confidence intervals. 

We used a random-effects model, which takes into account the precision of individual studies 

and variation between the studies, and weights each study accordingly (173). Heterogeneity was 
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expected among animal studies, and it was estimated by the proportion of total variance and 

reported as I2. Moreover, we calculated the between-study variance. 

If the study includes one control group that is compared to several independent experimental 

groups, then the number of the animal in the control group was adjusted by dividing it by the 

number of the included experimental groups.  

For different healing outcomes measurements, we assessed the publication bias by examined 

funnel plot asymmetry if the analysis contained at least 20 comparisons.  

Subgroup analyses were conducted to explore possible sources of heterogeneity and to assess 

which variables influence the effect of NSAID on bone healing outcomes. The results were 

interpreted if the subgroup included at least ten comparisons. A minimum of three independent 

comparisons per subgroup was needed to record the subgroup characteristics, which was 

followed by subgroup analysis, as prespecified in the registered protocol. Subgroup analyses 

were considered for animal species (mice, rats, rabbits), sex, type of NSAID (non-selective, Cox-2 

selective), type of fracture, and period of outcome measurement or data collection (early healing 

less than 21 days, 21 to 48 days and more than 48 days).  

 
5.2 Techniques used in the preclinical experiments  

5.2.1 Pain behaviour assessments 

Pain in animals, including mice, cannot be measured directly. Therefore it was essential to 

develop methods for pain measurements through animal behaviour or nociception (178). The 

pain response is generated by activation of the nociceptive nerve fibre through external stimuli 

such as heat, which elicits an electrical signal that will transmit later to the spinal cord and then 



59 
 

the brain which leads to a withdrawal response (179). It is difficult to clinically translate evoked 

pain response due to external stimuli, such as mechanical von Frey, Randall-Selitto and 

Hargreaves tests. Therefore, there was a need to develop and implement a non-stimulus pain 

evoked methods such as weight-bearing and guarding analyses (178). 

5.2.2 Weight-bearing and guarding test 

Static weight bearing or incapacitance tests measure weight distribution of the hind paws in an 

inclined holder which is forcing both hinds’ positions on two independent pressure sensors. After 

surgery or treatment in one paw, there will be a different distribution of the weight between the 

injured leg and the contralateral one. The difference in weight distribution is considered as the 

body adjustment to the nociception response.  The differences in weight distribution between 

the two hind legs have been noticed and used in models other than surgery such as osteoarthritis, 

bone cancer-induced pain, carrageenan-induced inflammation and sciatic nerve crush injury 

(180). It takes time to get the animal into the correct position to measure the weight distribution 

because, during the test, we allow the animal to adapt freely without any restraint. Unlike 

dynamic weight bearing or guarding analysis; static weight bearing can only be used to assess the 

nociception response in a model that includes treatment or surgery of unilateral hind paw or leg. 

In addition, the static weight bearing test needs extensive training to the animal and the 

investigator (181). 

Gait analysis through guarding test is widely used to estimate the non-stimulus or spontaneous 

pain response in animal studies. The guarding test allows interpretation of spontaneous 

nociception pain response in both hind paws, and the interpretation depends on the gait analysis. 

Gait analysis methods may include measuring and analyzing different parameters such as, paw 
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pressure and weight distribution (paw intensity), or paw printed area, length and toe spread, or 

parameters from the dynamic animal movement such as swing phase or speed, and interlimb 

coordination (181). The concept of the guarding test depends on the animals’ response to 

spontaneous pain; after surgery the animal will guard the painful paw and changes its gait and 

move with a limp or changes the stride size. This can lead to a different score or grade depending 

on the different intensity of the paw pressure (182). The intensity or the pressure of the guarding 

paw can be either visualized live through direct monitoring or after video recording; the paw 

pressure intensity can be scanned or recorded digitally through different methods that could 

include light or colouring ink (183).  

5.2.3 Microcomputed tomography (µ-CT) 

Microcomputed tomography is a procedure that generates three-dimensional images of an 

object’s external and internal structure without sectioning of the specimen. An important 

advantage of this technique is that it allows the object to remain intact for further analysis. The 

use of high-resolution µ-CT imaging to investigate mineralized tissues, soft tissues, and 

biomaterials has grown immensely in recent years (184). One of the reasons for the increased 

use of the µ-CT in the research because it can deliver accurate quantitative and qualitative data 

regarding the morphology of an object. Compared to conventional histological 2D imaging, µ CT 

analysis can provide faster throughput measurements of significantly larger volumes of interest. 

Another advantage of using µ-CT is that it can be used to provide images from both live animals 

(in vivo scanning) or from extracted specimens (ex vivo scanning) (185).  

µ-CT systems can be used to scan different materials (e.g. Scano, SkyScan, XRadia), by adjusting 

the scanning parameters (184). To obtain precise and reproducible information from a µ-CT scan, 
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it is imperative to establish standardized clear protocol that can be replicated on different 

specimens by different users (185). In general, µ-CT analysis is a reconstruction of a 3D image 

form two dimensional x-rays images of a specific sample by using computer algorithms (185, 

186). These images or projections are created by setting the x-ray source and the detector in a 

fixed position while the sample object rotates around its axis (Figure 5-1). 

The source of the x-ray is usually a micro-focus x-ray tube, and the generated x-ray is converted 

into visible light by a detector that is composed of a charge-coupled device camera with a 

phosphor layer (184, 186). Upon irradiation of an object, some of the x-rays are attenuated while 

they across the object and others are captured by the detector and depending on the difference 

in radio density. A two-dimensional images are created for the object reveal the different 

morphological structure of the object (e.g. cortical bone and cancellous bone within a bone 

sample, or empty pores within a scaffold matrix) depending on the particular attenuation 

coefficient which is corelate with the certain material density (184-186). Computer three-

dimensional modelling software, such as SkyScan CT-analyzer, stacks the two-dimensional maps 

to generate three-dimensional models and perform various analyses. It is crucial to select 

appropriate software and hardware facilities to perform the radiographical assessment 

effectively and efficiently (186). In summary, the µ-CT procedures consist of four general steps: 

(i) sample preparation (pre-scanning); (ii) obtaining the x-ray projection images (scanning); (iii) 

reconstruction of the projection images into 3D images using computational models; and (iv) 

analysis of the 3D image stack using computer software, in which several outcomes can be 

evaluated (e.g. biomaterial volume, porosity, pore size).  
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Figure 5-1: Major components of standard µ-CT scanner. 
The x-ray generated by the micro-focus tube passes through a filter to reduce the amount of x-ray that 
will be attenuated. Once the x-ray passes through a rotated object, it will be recorded by a 2D charge-
coupled detector.  
 

 

 

5.2.4 Three-points bending mechanical tests 

Mechanical tests can measure the strength (maximum force), stiffness, rigidity, and toughness of 

the healing bones as healing outcomes, and although maximum force to fracture and toughness 

can only be measured once, we can obtain multiple measurements for stiffness and rigidity. The 

mechanical properties of healing bones are usually estimated by using the load in torsion or the 

three-points bending mechanical tests, depending on technical and physiological considerations. 

In vivo, long bones are exposed to bending and torsion forces all the time; therefore, it is logical 

to test in these mechanical properties in healing long bones. Due to the variability in the fracture 

alignment and the asymmetry of the fracture callus, tension and compression tests are not 

recommended (187). 

The three-point bending test provides the distribution of internal loading to study the mechanical 

characterization of the fracture site in a physiological manner (188). The bone sample is fixed to 



63 
 

the testing machine, and the load is applied until the bone is broken (Figure 5-2). At the start of 

the three-points bending mechanical test, the bone is not in contact to the loading point (zero 

displacements), then the loading point contacts the bone with a small preload force (< 1 N). The 

values of the loading force and the displacement is recorded and stored in a predefined file while 

the loading point is moves downward with increasing force. Interpretation of these data 

combined with the morphological geometric data of the object from the µ CT analysis provides 

an estimation of the structural (mechanical) properties of the bone sample. 

The mechanical properties illustrated in Figure 5-3 are structural, rather than material properties. 

The mechanical properties of the bone or the healing callus depend on the quantity and the 

density of the mineralized tissue, which can be measured and estimated through histological and 

radiographical examination (188).  

 

Figure 5-2: Three-points mechanical bending 
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Figure 5-3: Example of a mouse tibia load-displacement curve 

 

 

 

5.2.5 Histological assessment  

Histological and histomorphometric assessment of the healing bone is essential to understand 

and describe the mechanical and structural quality of the healing callus. The healing callus is a 

repair tissue that follows and remodels after a fracture. The healing callus contains cartilage, 

bone, fibrous and hematopoietic tissues, thus histological assessments should be able to asses 

the heterogeneity of this tissue (187).  

The histomorphometric analysis is an essential outcome assessment of the healing bone to 

explain the mechanical and morphological findings by µ CT and mechanical bending tests. 
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Staining of the healing tissue is one of the applied methods to facilitate the visualization and the 

differentiation between different cell types and tissue types mainly between cartilage and bone 

within the healing callus.  

Proper histomorphometric analysis required the correct selection of anatomical plane of the 

tissue sectioning, in addition to the sampling, embedding, fixation and tissue staining (34).  

The histological processing of bone samples can be performed in two ways either leaving the 

bone minerals and this is call uncalcified process or after decalcification. The decalcification 

process of bone samples is conducted by either using EDTA acid or formic acid in a Paraffin 

sectioning/ embedding (189). The paraffin embedding, or sectioning is suitable for most of the 

histological stains after embedding the sample in paraffin and cutting the sample into 4 µm 

thickness through cortical or cancellous bone. Paraffin embedding/ sectioning is the suitable 

method for immuniohistochemistry analysis because the materials used in this sectioning less 

destructive to bone’s proteins than the ones used in the uncalcified sectioning (189).  Two 

limitations associated with the use of paraffin embedding technique; firstly, is the time need to 

complete the decalcification process which may take weeks or even months depending the 

sample size (189). To accelerate the process, we can use higher concentration of the acid, but 

this can lead to some distortion of the bone sample. The second limitation is related to the 

quantitative measurements for the histomorphometric analysis, as the paraffin sectioning can 

lead to up to 15% shrinkage or distortion in comparison to only 10-12% distortion for the plastic 

embedded samples (190). The second sectioning method is to use plastic material to embed bone 

sample without decalcification. One of the most use plastic material is methyl methacrylate 

(190). 
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The uncalcified process allows faster time to process larger samples. Also, this processing method 

provides thin sections that permit the evaluation of the bone structure and cellular analysis with 

its fluorochrome labelling.  Despite high technical skills and advanced equipment needed for 

uncalcified processing, but this process allows for excellent visualization of the bone cells and 

proteins in an intact specimen (190).  

Types of stains that have been used to assess fracture healing are:  

- Alkaline phosphate stain highlights osteoblast cells and not osteoclasts. It has been shown 

that the quality of alkaline phosphate stain decreases with formalin fixation.  

Osteoblast cells during proliferation show alkaline phosphate activity which in return will 

be a good marker that can be easily detected by using certain materials such as nitro blue 

tetrazolium which subsequently stains the cells as blue-violet when the alkaline 

phosphate is present (191). After sectioning, the samples are gradually hydrated with 

alcohol series, then incubated in alkaline phosphate substrate solution for about two 

hours. After washing the sections with distilled water, the samples later are treated with 

counterstain (191).  

- Von Kossa staining demonstrates the calcium salts (e.g., carbonate and oxalate) and 

phosphate components of the bone mineral. In this method, the bone sections are 

deparaffinized and then hydrated with alcohol for five minutes, then the sections are 

washed with distilled water. Subsequently the sections are treated and incubated with 

silver nitrate solution, and the sliver will deposit and replace the calcium salts, which will 

be then recognized by their metallic sliver stain. Calcium deposits will be stained black or 

dark brown (192).    
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- Staining for activity of Tartrate-resistant acid phosphatase (TRAP) is used to define 

osteoclasts due to their high expression of this enzyme. TRAP is metalloprotinase that is 

associated with hematopoietic lineage cells activity, especially osteoclasts and human 

macrophages (193). Osteoclasts cell secret TRAP during its bone resorption behavioural 

activity, so it is a good marker for active osteoclast cells (194).   

The paraffin sections of the samples are deparaffinized by xylene and 70% ethanol then 

hydrated to water. The sections placed in prewarmed TRAP solution which are then 

incubated and rinsed with distilled water, and later they are counterstained by Fast 

Green. Osteoclast cells will be stained and look bright red on a green background (193). 

To compare the stain intensity of distinct cell profiles in the experimental or treatment groups,  

we use a special morphometric image analysis software acalled ImageJ(R), which is available in 

the public domain. The images from the histological slides need to be analyzed. ImageJ can be 

used to analyze the whole image or region of interest from the slide. For example, the 

investigator who wants to count a number of cell profiles will click to select the positive and 

negative nuclei of a selected area (region of interest) as a representative area of the sample or 

the whole image, the program will automatically generate immunohistochemistry index (195). 

The results will be tabulated in a table and can be exported to an excel sheet later.  

This method is associated with selection bias that needs to be reduced by following a reference 

sampling plan to be followed, which includes all  the regions of the slides, the investigator 

reviewing the microscopic slides would be masked as to the group-origin of the sample (195).  
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5.2.6 Molecular Measurements 

5.2.6.1 Multiplex Luminex cytokine analysis 

The immune system uses specific molecules called cytokines to send signals between each other. 

These cytokines are of particular importance for the recruitment of immune cells to the site of 

an invading pathogen, especially after injury (196, 197). The identification of different cytokines 

is vital to understand the pathological and the physiological immunological processes that occur 

in a living organism and can be used as a biomarkers for many diseases (197). They are classified 

as proteins, glycoproteins, and peptides depending upon their composition. 

The new technology such as Luminex Multi Analytic Profiling (xMAP) allows us to simultaneously 

identify and quantify different secreted proteins such as cytokines, chemokines or growth 

factors. This technology introduced invaluable advantages to the biomedical research because of 

its efficiency, speed and cost effectiveness (198).  

In general, Immunological interactions involve a wide range of cytokines which can be regulated 

up and down based on the function of each cytokine. It is therefore essential to have full picture 

of the cytokines that are involved in the immunological response or reaction such as 

inflammation to understand the undergoing process. 

Tradition cytokine analysis technologies such as the enzyme-linked immunosorbont essay (ELISA) 

are not practical because they can only test for one cytokine at a time, and this is why multiplex 

systems where developed for cytokine analysis. 

The essential component of this Luminex xMAP technology is the polystyrene or the 

microspheres beads which are combined in a single well of 96-well microplate-format assay, and 

each bead in the set reacts to the specific antibody of one of the interested cytokines from the 



69 
 

targeted sample (such as blood serum). The beads are dyed or precoated with specific antibody 

analyte capture, for the specific molecule of interest (199). These dyes provide each bead with a 

unique spectral code, and when it is added with a sample (such as blood serum), the specific 

molecules on the surface of these beads will react to its designated analyte from the sample. A 

biotinylated detection molecule (antibody specific) is then added, and this will form an antigen-

antibody complex. Then, a conjugated fluorescent material is added which will bind with the 

biotylinated detection molecules associated with the certain cytokine on the beads forming four-

parts solid complex. The sample is run through an instrument such as Luminex 100TM that 

analyzes the spectral address of the microsphere beads and the amount of the associated 

florescence; subsequently the concentrations of many cytokines within one sample can be 

determined (59)(Figure 5-4). 

In conclusion, Luminex technology is suitable for identifying changes in the expression of 

different pro- and anti-inflammatory cytokines and growth factors from one sample using one of 

the Luminex assay (198). 
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Figure 5-4: multiplex Luminex cytokines analysis process 

 

 

 

5.2.6.2 Gene expression microarray 

Gene expression microarray is a procedure that provides information about the transcriptional 

activity of different genes in biological samples (187), allows us to identify and assess the 

expression of thousands of genes in single process. Gene chips or DNA microarray slides are of 

microscopic solid surfaces printed in specific locations with thousands of minute spots; every 

spot has a recognized DNA sequence of certain gene called a probe; this probe can detect An 

expressed set of messenger RNA (mRNA) transcripts which are expressed through a gene or a 

group of genes (Figure 5-5) (200).  



71 
 

Figure 5-5: Microarray gene sequencing 

 

 

Microarray experiemnts involve: a) collecting and extracting RNA from the experimental, and the 

the reference samples; b) the RNA molecules are converted into complementary DNA or (cDNA); 

c) cDNA of each sample is then dyed by different fluorescent dye, for example, red for the 

experimental group and green for the reference; d) then the two cDNA samples are mixed and 

hybridized within microarray slides. Hybridization is the process of binding the mixed cDNA 

sample to the DNA probes of the microarray slide. e) After that, the slide is scanned to detect 

and measure the expression of each gene.  So if the gene is expressed in a higher level in the 

experimental group the associated spot on the slide would look red, and if the gene expression 
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in the experimental group is lower than the control group the spot colour would be green, and if 

there is equal expression in both groups then the spot would appear yellow (Figure 5-5) (201). 

The advanced knowledge obtained from sequencing the entire genome of many species has 

significantly contributed to studying the transcriptome of different processes that can be 

assessed by microarray analysis (187). It is advisable that these procedures to be done in 

established institutes or centers with a tracking record of conducting this kind of studies, these 

centres usually have the equipment and the instruments, expert technical staff and the necessary 

training resources.  

General considerations and steps needed for conducting microarray experiments: 

i) It is suggested to have at least three replicates for each experimental group, which 

will allow for sufficient amounts of RNA to perform the microarray and overcome any 

technical problems.  

ii) The lab should be able to identify any artifact from the microarray hybridization or 

issues related to the chip manufacturer through a clear quality control procedures. 

iii) Posthoc bioinformatics analysis, is crucial to identify differentially expressed genes, 

followed by interpretation of the differentially expressed genes according the 

available biological knowledge.  

iv) Since microarray studies are expensive, it's recommended to collaborate with 

computation or bio informatic statisticians with an extensive record of gene 

expression analysis. 
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5.2.7 Surgical models and procedures 

Bone regeneration and healing after fracture surgery is a complex process, and non-union or 

delayed healing of the patient’s fractured bone remains a primary concern (18). In vivo animal 

models can help to investigate the complex fracture healing process, which may not be possible 

to investigate in vitro(202). The choice of animal model depends on many factors, the most 

important of which are the research question and the biological process to test, in addition to 

the anatomical variability. During earlier periods, large animal models such as dogs, sheep and 

rabbits were used to investigate fracture bone healing (202). The use of these models is justified 

by the volume of the bony structure in these animals and the similarity to the human bone, 

specially the presence of the Haversian remodelling system (203). However, these models are 

challenging to handle, the cost for the husbandry is excessive, and it is extreme difficulty to obtain 

transgenic models for these animals (202). Since the 1990s, the scientific community has 

promoted rat fracture healing models, due to low cost, easiness of animal handling, short 

breeding cycle and faster regeneration. However, the genetic modification of rats is somewhat 

limited. 

Nevertheless, the small animal models have similar remodelling system like that in larger animals 

(203). Moreover, the development of techniques to stabilize fractured bones in small animals has 

provided a significant boost to consider rodent models as suitable to test fracture healing (202). 

Although the bone structures of the human and the mice are different, the healing phases of the 

bone fracture are very similar, which makes the mouse model a good one to use in fracture 

healing research (204).  
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Additional factors to consider in selecting the model are the sex and age of the animal and the 

type of surgical fracture model. The age of animals affects the healing outcome (202) and that 

the time required to heal increases with age. Adolescent animals (rodents) need four weeks to 

bridge the gap, while older animals require 26 weeks for bone tissue healing (205). Data from a 

study on mice fracture healing has shown that osteoblast cells in old animals showed a delayed 

and decreased response to osteogenic stimuli which results in impaired endochondral 

ossification (206). The selection of gender will also depend on the research question; recent 

studies support the inclusion of both sexes in experimental trials whenever possible, especially 

when measuring pain as an outcome (207). Female animals may be a good model for 

osteoporosis, and for other bone diseases, nevertheless, their physiological and biological 

reaction toward drug administration should be taken into consideration when using them in 

fracture surgery (202). Studies that have shown that the sex-relating variations in drug 

pharmacokinetics properties in mice mimic the ones observed in females humans (11). 

Another important consideration for fracture healing research is the type of fracture, which could 

be categorized into: 

I) Simple fracture models are used to estimate the effect of different interventional 

medications and genetic modifications in fracture healing (208). This model can be 

further classified based on the anatomical variations, such as fibular, femur, or tibia 

fracture (long bones). The simple fracture can be performed either as a closed one, 

which is usually created using three-points bending equipment; or as open fracture 

surgery. The second approach allows the fracture to have a standardized position and 

location and is usually stabilized with intramedullary pins (204). These models are 
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usually done in the tibia because unlike femur, is associated with very thin layer of 

soft tissue (202).  

II) Critical size bone defect models have been used in research to address the clinical 

scenarios, that may lead to a delay in bone union or non-union. Therefore, these 

models are often used to test and evaluate the effect of growth factors that promote 

bone repair as well as bone regeneration biomaterials (208).  

Using mice with altered genes, this model also provides researchers with an excellent 

platform to study the effect of different signalling pathways in bone regeneration 

(208). This model can be further classified into drill-hole or critical size defect models 

(204).  

III) The ectopic bone formation model has been defined as the model in which bone 

formation occurs in sites where the bone is not supposed to grow  (208). These models 

are subcutaneously or intramuscularly and are typically used to assess osteoinduction 

of grafts with stem cells therapy or growth factors  (209). 

5.2.8 The methodology used in the second manuscript 

5.2.8.1 The effect of surgery time on bone fracture pain and healing 

To assess the effect of surgery time on postoperative pain and bone healing, we used a tibia 

fracture model in mice, in which animals underwent bone fracture surgery at different times of 

the day. We investigated the behavioural indices of pain, including responses to the weight-

bearing and guarding tests, as well as the biomechanical and histomorphometric properties of 

the healing bones.  
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- Animal model 

After receiving the approval of the Animal Care Committee at McGill University, 4-months-old 

wild-type C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were used in this experiment. 

We used this strain because it is deficient in melatonin, which helps to identify the pathways 

independent of the melatonin systemic effect (210). The mice weighed 25 to 28 g and were 

housed in pathogen-free conditions at 22°C with a 12-hour alternating light/dark cycle fed on 

water ad libitum.  

- Experimental groups  

Cage assignment, mouse numbering and allocation to study group were performed by a 

researcher not otherwise involved in the study procedures. Random group assignment was done 

following an automated process using the Experimental Design Assistant from the National 

Centre for the Replacement and Reduction of Animals in Research. Before the surgical 

intervention, mice were acclimated for two weeks to their new environment and exposed to 

behaviour testing equipment twice before obtaining baseline measurements.  

Mice were randomly assigned one of two study groups. One group received open tibia-fracture 

surgery at zeitgeber time ZT3, where ZT0 refers to the time the lights turn on in the animal facility, 

which is the beginning of resting time in mice. The second group had the same surgery at ZT13, 

the beginning of the active phase, during which the light is off. Mice are nocturnal animals for 

which the activity phase starts at the beginning of the night and ends in the morning (Figure 5-6). 
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Figure 5-6: Diagram of the objectives of each experimental trial 

 

 

 

- Surgical intervention 

For our study, we used the open osteotomy fracture model developed by Grestenfield et al. (32). 

All surgeries were performed by the same operator who was not involved in the randomization, 

allocation concealment process or outcome measurements. Anesthesia was induced initially with 

4% isoflurane/oxygen mixture and maintained at 2%, and a buprenorphine (5 %) subcutaneous 

injection for pain control was given before surgery. An incision centred over the knee joint medial 

to the patellar ligament was done to create an entry portal to the tibia medullary canal using a 

27-gauge x ½ inch TB syringe. The stylet of a 25-gauge spinal needle was inserted in an intergrade 

fashion through the lumen of the 27-gauge needle down to the distal growth plate, and its tip 

was used to bend the spinal needle wire, which was cut 1 mm above the bent then it was inserted 

and adapted smoothly beneath the patellar pliers. The wound was closed with 5-0 absorbable 
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vicryl suture. Mice were monitored for any signs of improper healing or infection. All animals 

were euthanized two weeks later at the same time of the day (Figure 5-7). 

 

Figure 5-7: Pictures of the open tibia fracture surgery. 
a) skin incision over the patellar ligament (white tissue), b) insertion of both the gauge needle followed 
by the spinal needle for internal fixation, c) snap and sharp fracture of the tibia bone. 

 
 
 
 

- Pain assessment  

Behavioural indices of pain, including weight bearing differences and guarding, were assessed at 

baseline (pre-surgery), and on day 3, 7 and 14 after bone fracture surgery. We performed the 

assessments at the same time of the day between ZT5 – ZT7 and the investigator responsible for 

performing the assessments and collecting the data was blinded to experimental design and 

different intervention groups. 

Guarding behaviour test (GBT) 

Each mouse was placed individually on an elevated stainless-steel mesh. Both paws (of the 

fractured and non-fractured legs) were carefully observed for one-minute periods every five 

minutes over one hour (12 measurements). A score of 0, 1, or 2 was given according to the 

postural position of each paw in the one-minute scoring periods. Score 0 was given if the paw 

a b c 
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skin was blanched or distorted by the mesh (indicating weight bearing); and score 2 meant that 

the paw was entirely off the floor; score 1 was given if the paw touched the floor without 

blanching or distorting. After the 1-hour session, the sum of the 12 measurements (which could 

range from score 0 to 24) given during the session was calculated for each paw. Subsequently, 

the scores of the fractured and non-fractured legs were compared between different 

experimental groups (181, 211) (Figure 5-8). 

Figure 5-8: Picture of the guarding test mesh. 

 

 

 

Weight-bearing test 

The relative distribution of the weight that the animal bears on the injured and uninjured legs 

was determined by an in-capacitance meter (IITC.inc, CA, US). The device contains a small 

Plexiglas chamber (11.0 × 19.7 × 11.0 cm) with floor weight plate sensors. The device records the 

weight that each limb exerted in grams. Each mouse was positioned in the angled chamber so 

that each hind paw rested on a separate weighting plate. The weight exerted by each hind leg 

was measured for 5 seconds and then averaged. The change in paw weight distribution before 

and after the surgery was calculated by estimating the difference in weight (g) between the left 
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(control) and right (fractured) legs (212). This difference was used as a pain index in the fractured 

leg (Figure 5-9). 

  

Figure 5-9: In-capacitance meter chamber with the mouse inside to measure the weight-bearing 
of both legs. 

 

 

- Microcomputed tomography (μ-CT) assessment  

The bones harvested at day 14 were scanned using Skyscan 1172 micro-CT scanner (Skyscan 

1172; Bruker-microCT, Kontich, Belgium), the samples were inside small plastic tubes with 70% 

ethanol (Figure 5-10). Double blinding was implemented during the scanning process and the 3D 

reconstruction. Scans were taken with a 5.88 µm pixel size, at scanner voltage and current set to 

59 kV and 167 lA, respectively. Image stacks can be processed via CTAn software and 3D 

segmentation software CTVol and CTVox (Bruker, Kontich, Belgium) and via BoneJ, an online tool 

that can be downloaded for free. 

3D reconstructions were created using CT-Analyser software (Bruker micro-CT, Kontich, Belgium) 

to measure the callus size, total volume (TV) and bone volume (BV). The bone volume fraction 

(BV/TV), and the trabecular number and thickness which were calculated for a volume of interest, 

that encompass the fracture callus within a 1.5 mm (255 slices) vertical range, centred on the 
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osteotomy. The region of interest (ROI) for each section was selected as the outer boundary of 

the fracture callus, excluding the fibula. A binary threshold gray level of 70/255, corresponding 

to the mouse trabecular bone, was used to segment mineralized bone from soft tissue (65, 81, 

83, 213) (Table 5-2).  

Table 5-2: µ-CT 3D reconstruction process 

1- Open CTAn software (CT-Analyser; Bruker micro-CT, Kontich, Belgium). 
2- Click the folder button; load reconstructed CT data. 
3- On raw image, select the top and bottom sections (from the fracture center, 

approximately ±2mm, end of bone callus). 
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4- Select the biggest callus area, click on Region of Interest (ROI), and choose all 
callus area 
 

 
5- Check  whether all the callus is included within the ROI. Refine the ROI when 

moving up or down to all the section. 
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       6- Binary selection to remove all the cortical bone in the callus tissue 
 

 
7- Custom processing, then we see the cortical bone ROI image overlapped with our 
current ROI 
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8- Binary selection, and this time all the cortical bone is removed as in the picture below. 
 

 
9- Save and reopen the binary data. 
 

 
10- Custom processing; open the internal tab and choose 3D analysis for BV/TV, 
Trabecular bone number, thickness and spacing. 
 

 

Figure 5-10: µ-CT image of the fractured tibia after 14 days before removing the pin for 
histomorphometric analysis. 
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- Biomechanical testing 

The biomechanical properties of the tibia healing callus were determined by loading the right 

tibia to failure in a three-point bending test which was conducted using a Mach-1 mechanical 

tester machine (Biomomentum, Laval, Quebec), as previously shown in Figure 5-2. This type of 

test was chosen based on a previous study (214). The distance between the supports with the 

bending fixture was 10 mm, and the diameter of the supports and loading nose was set at 0.25 

mm. The machine applied downward bending load to the fractured tibia (over the fractured site) 

at a rate of 0.016 mm/second until failure. A load-displacement curve generated using Mach-1 

software (Tempe, Arizona) was used to determine three parameters: stiffness (N/mm), ultimate 

force (N), and work to failure (N*mm).  

- Histological analysis 

We dehydrated the bone defect samples (right tibiae) in ascending concentrations of ethanol 

(70–95%) and embedded them in methyl methacrylate at the Bone Biology Lab, McGill University. 

After polymerization, three subsequent 6-μm-thick sections, crossing through the middle of the 

defect, were obtained from each sample and stained with either tartrate-resistant acid 

phosphatase (TRAP), Masson's-trichrome or Von-Kossa stain to assess osteoclasts, collagen, and 

mineralization, respectively. For each sample, we analyzed one histological section per stain. 

Images of the histological slides were produced using an optical microscope (Zeiss-Microscopy, 

Jena, Germany). We defined the region of interest for osteoclast, collagen and mineralized tissue 

histomorphometry as the area of the histological section enclosed by the cortical margins and 

the borders of the healing callus of the fracture site. Osteoclasts were calculated using ZEN-2012-

SP2 imaging software (Zeiss-Microscopy, Jena, Germany), and the data was demonstrated as 
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osteoclasts number per square millimetre of mineralized tissue (OC/mm2). We analyzed the 

percentages of mineralized tissue and collagen in the region of interest of the healing site using 

ImageJ v1.45 (Wayne Rasband; NIH, Bethesda, MD, USA) and documented as mineralized tissue 

percent (MT%) (78, 215). Histomorphometric analysis was performed by the (Lina Abunada), who 

was blinded to group allocation. 

 

5.2.8.2 Effect of the timing of NSAID administration on pain and bone healing 

To assess the effect of the timing of NSAID administration on pain and bone healing, we 

performed a surgical intervention as described above. We used sixteen mice in this experiment, 

which were housed and handled as described above.   

- Experimental groups 

Two groups of mice assigned randomly; one group received fracture surgery and postoperative 

subcutaneous injections of carprofen 20mg/kg only at resting time ZT3 for three days, whereas 

the second group had the same treatment at the active time ZT13. The carprofen dose used is 

equivalent to a typical postoperative prescription for humans of 500 mg every 8 hours of 

ibuprofen (1500 mg/day) (216). Mice were observed for any signs of improper healing or 

infection. All animals were euthanized two weeks later (Figure 5-6).  

- Pain assessment  

The methods of assessment were carried out as in the previous experiment. 
 

- Assessment of the healing bones 

The preparation of the bone samples and the measurements were performed as in the previous 

experiment. 
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5.2.8.3 Identification of inflammatory cytokines and metabolic pathways affected by 

the timing of NSAID administration after three days of bone fracture surgery  

To address this aim, we conducted Luminex cytokine analysis and RNA microarray sequencing of 

the callus three days after surgery to identify the affected inflammatory and metabolic pathways.  

- Animal model 

We used nine mice to address this aim, housed and handled as in the previous experiments. 

- Surgical intervention 

The surgical intervention was performed as in the timing of NSAID administration experiment for 

all the groups at the same time of the day. 

- Experimental groups 

Mice were randomly assigned to three groups; one received NSAID after the surgery during the 

resting phase of the mice ZT3, the second group received NSAID at the beginning of the active 

phase at ZT13, and a third group did not receive any surgery or NSAIDs. Mice were observed for 

any signs of improper healing or infection after surgery. All animals were euthanized after three 

days (Figure 5-6).  

- Assessment of early healing at the molecular level  

Cytokine profile in blood serum 

Blood serum was collected from each mouse at day three after the surgery, and frozen at -80°C 

in sperate vials until further analysis. For cytokine analysis, the serum samples were thawed at 

room temperature. A multiplex inflammatory cytokine kit (Cytokine Mouse Magnetic 20-Plex 

Panel, Thermo Fisher Scientific, Waltham, MA) and Luminex 100/200 multiplexing instrument 
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(Luminex Corp., Austin, TX) were used to analyze the inflammatory cytokine profile of each serum 

sample. The Cytokine Mouse Magnetic 20-Plex kit was used for bead assays of FGF basic, GM-

CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p40/p70), IL-13, IL-17, IP-10, KC, MCP-1, 

MIG, MIP-1α, TNF-α, and VEGF. These assays were performed following the manufacturer’s 

protocol. The Luminex 100/200 System was used in combination with xPONENT instrumentation 

software for measurements and analysis. The experiments were conducted in triplicate, and the 

mean fluorescence intensity (MFI) for each cytokine was used to calculate its concentration (59, 

217).  

RNA isolation and microarray  

The central one-third of the fractured tibia including all the healing callus and hematoma was 

harvested on day three post-fracture from the experimental groups and stored in Alloprotect 

(Qiagen, Toronto, Ontario). For reliable gene expression analysis, including microarray analysis, 

the immediate stabilization of RNA and proteins in biological samples such as the healing callus 

of the bone is an absolute prerequisite. Without stabilization, directly after harvesting the 

samples, changes in the gene expression pattern occur due to specific and nonspecific RNA 

degradation and transcriptional induction. Alloprotect Tissue Reagent prevented these changes 

by providing immediate preservation of DNA, RNA, and proteins in animal tissues for up to 1 day 

at 37°C, 7 days at 15–25°C, or 6 months at 2–8°C, allowing storage, transportation, and processing 

of samples without ice or dry ice (alternatively, the samples can be archived at –20°C or –80°C) 

(218). 

Subsequently, bone pieces with the hematoma were homogenized using the Precellys 24 

homogenizer (Bertin instrument, Montigny-le-Bretonneux, France. The lysing tube used for 
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homogenization was CKMix50_2mL with ceramic beads and 1 ml of QIAzol (Qiagen, Toronto, 

Ontario) buffer. We used the following protocol: i) speed at 6500 rpm, ii) 2 cycles of 20 seconds 

with a 30-second break between cycles. The process was done at a temperature between 0 and 

4°C, controlled using the Cryolis cooling system.   

The total RNA was isolated from bone tissue using QIAzol (Qiagen, Toronto, Ontario) and then 

purified using RNeasy Lipid Tissue Mini Kit columns (Qiagen, Toronto, Ontario) following the 

manufacturer's instructions. The extracted total RNA was sent for Whole-Transcript Expression 

Analysis at the McGill Quebec Genome Center. Total RNA was quantified using a NanoDrop 

Spectrophotometer ND-1000 (NanoDrop Technologies, Inc., Waltham, MA) and its integrity was 

assessed using a 2100 Bioanalyzer (Agilent Technologies, Waltham, MA) (Figure 5-11). 

 

Figure 5-11: Representative Bioanalyzer electropherogram profile of the RNAs contained in the 
healing callus after open tibia fracture surgery and three days of NSAID administration either 
during the resting time (a) or activity time (b). 
The electropherogram shows the size distribution in nucleotides (nt) and fluorescent intensity (FU) of total 
RNA. The most dominant peaks are 18S and 28S. Associated gel images are shown alongside the plots. 
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Sense-strand cDNA synthesized from 100 ng of total RNA, and fragmentation and labelling were 

performed to produce ssDNA with the Affymetrix GeneChip WT Terminal Labeling Kit (Thermo 

Fisher, Waltham, MA) according to the manufacturer’s instructions. After fragmentation and 

labelling, 3.5 µg DNA target sample was hybridized on the GeneChip Mouse Gene 2.0 ST array 

(Affymetrix, Waltham, MA) and incubated at 450°C in the GeneChip Hybridization Oven 640 

(Affymetrix) for 17 hours at 60 rpm. GeneChips were then washed in a GeneChip Fluidics Station 

450 (Affymetrix) using the Hybridization, Wash, and Stain Kit (Affymetrix) according to the 

manufacturer’s instructions. Finally, the microarrays were scanned on a GeneChip Scanner 3000 

(Affymetrix). The data were normalized, and the analysis was only included the identified units 

within the samples. The analysis was conducted using GeneSpring GX 10 software (Agilent, Santa-

Clara, CA, United States). To identify genes differentially expressed between groups of mice that 

received NSAID during active versus resting time and control groups, we used unpaired Student’s 

t-tests to compare between groups. The genes that presented an up- or down-regulation with p-

value < 0.05 were identified. To avoid loss of substantial numbers of true positive genes, no 

correction was performed for multiple testing.   

Using the Gene Ontology (GO) database (PANTHER Classification version 11), the PANTHER 

Overrepresentation Test was performed on the list of genes that were differentially and 

significantly expressed (as described above) to identify the functional biological processes 

involved in the genes. Specifically, this binomial test determines whether there is a statistical 

overrepresentation or underrepresentation of the genes that expressed differently between the 

active versus resting time group relative to the reference list in the GO ontology database for the 

mice species (a full list is published in the Gene Expression Omnibus (GEO) data repository, 
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available upon request). Using the PANTHER Classification System, a ‘gene ontology’ classification 

of the genes/expressed sequence tags (ESTs) that are significantly (p < 0.05) up- or 

downregulated was performed to compare between different experimental groups. We 

classified differentially expressed genes into various biological processes to assess their 

functional significance, then calculated the proportional distribution of genes in each process. 

The list of genes that significantly differentiated between active versus resting time groups were 

employed to identify significantly activated pathways by comparing their functional annotations 

according to the PANTHER Classification System (www.pantherdb.org) with the whole mouse 

genome (data updated to NCBI’s January 10, 2011 release) by the binomial distribution function 

(219). 

5.3 Randomized controlled trial 

A randomized controlled trial (RCT) is the proper design to conduct clinical studies. RCT used to 

investigate the efficacy of a new drug or medical intervention in a patient population (220). One 

key strength of the RCT is the random allocation of the participants to the treatment(s). In 

addition, the RCT contains control groups either receiving no treatment (a placebo-controlled 

study) or a previously approved treatment (a positive-control study) or gold standard care. It is 

well accepted and recommended that the main RCT should be preceded by a pilot study to 

provide feasibility information about important aspects of the study, including the recruitment 

rate and whether it is possible to measure the suggested outcome with a good ratio of 

compliance from participants during the determined follow-up period. The pilot trial will mimic 

the main one and ensure that the main trial will deliver the maximum benefit (221). 
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The strengths of the RCT design can be summarized as follows: 1) It provides the most reliable 

evidence for the efficacy and side effects of medical interventions; 2) Incidence or prevalence 

can be assessed since the measurement is conducted in patients who were randomly selected 

from the population; and 3) It has the least bias due to the randomization and controlling of the 

confounders.  

However, the RCT design also has weaknesses: 1) It is relatively expensive and time-consuming 

to perform; 2) It could pose ethical issues, for example when some individuals are required to 

accept the risk to assess certain conditions that may not benefit them; 3) It is inefficient in 

assessing delayed outcomes; 4) Its findings might not apply to the population (risk of 

generalizability) since the selected patients, despite the random process, may not be good 

representatives of the total population.  

 

5.3.1 Methodology used in the randomized clinical trial 

5.3.1.1 Study location 

The current project is a single centre, double-blind, RCT. Randomization took place at the 

individual level.  We carried out the study in the Dental Teaching Clinics at the Jordan University 

of Science and Technology in Irbid, Jordan. 

5.3.1.2 Ethical approval  

The study obtained approval from the Institutional Review Board of Jordan University of 

Science and Technology (protocol number 393/2017) (Appendix III).  

5.3.1.3 Registration 

The RCT is registered in the clinicaltrial.gov clinical trial registry (No. NCT03789058). 



93 
 

5.3.1.4 Study participants 

For recruitment, which began in July 2018, we approached subjects who were referred for third 

molar extraction at the Oral and Maxillofacial Surgery (OMFS) Department, Jordan University of 

Science and Technology, Irbid, Jordan.  The maxillofacial specialist examined all patients clinically 

and evaluated their radiographs to determine their suitability for inclusion in the study. Patients 

who had been indicated for third molar extraction and fulfilled the study criteria (described 

below) were invited to participate in the study. Those who agreed signed a surgical procedure 

consent form (Appendix III) on the day of the surgery.  

5.3.1.5 Inclusion and exclusion 

The study includes adults scheduled at the OMFS dental clinics for surgical extraction of third 

molars, restricted to lower third molars that are bony impacted to standardize the clinical cases. 

To minimize the effect of differences in bone impaction depth and tooth angulation on the 

outcomes, the surgeon used a validated classification for impacted teeth to evaluate the 

radiographs (222). 

Patients were eligible for the study if they (i) were aged between 18 and 35 years, (ii) were 

healthy according to the American Society of Anesthesiologists classification (subject have no 

active infection, trismus, hyperthermia, or swelling before surgery and must be able to maintain 

adequate oral hygiene), (iii) had an adequate understanding of written and spoken English or 

Arabic, (iv) were capable of understanding and completing the inform consent and study 

questionnaires, and (v) agreed to fully adhere to study instructions. The upper age limit was set 

to minimize the risk of undiagnosed conditions. Patients were not eligible for the study if they (i) 

had a history of systemic disease (e.g., diabetes mellitus, hypertension, gastric ulcer), bone 
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conditions or chronic pain, (ii) had a severe/serious illness that required frequent hospitalization, 

(iii) were current smokers, (iv) were pregnant or breastfeeding, (v) had impaired cognitive or 

motor function, (vi) had taken anti-inflammatory or analgesic drugs in the previous two weeks or 

were allergic to NSAIDs, or (vii) were unable to return for the Day 4 evaluation. Patients who 

developed a postoperative infection were to be dropped from the study. 

5.3.1.6 Clinical procedures and experimental interventions 

For each surgery, a mucoperiosteal flap was lifted under local anesthesia (2% lidocaine with 

1:100,000 epinephrine). A no. 701 surgical bur was used to perform an osteotomy. The surgical 

site was inspected after extraction, and any sharp bone was filed to prevent discomfort. Copious 

irrigation was applied, followed by closure using 3/0 polyglactin 910 (Vicryl) sutures. Tooth 

location (right or left), the volume of local anesthesia administered (number of anesthetic tubes 

used), the time of the surgery (morning only), and the time needed to perform the surgical 

procedure were recorded. Each participant received an appropriate dose of ibuprofen 400 mg 

for three days postoperatively. Group 1 received two doses of ibuprofen before the afternoon, 

as well as a third dose consisting of a placebo (a sugar tablet of the same colour and shape as the 

active drug tablet) at bedtime; group 2 received three doses of ibuprofen 400 mg three times per 

day. The oral medications (ibuprofen and the placebo) were identical in appearance, and an 

investigator gave each patient the medications in a closed envelope labelled with the patient's 

assigned study identification number, known only by the investigator (Figure 5-12). 
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Figure 5-12: Diagram of the study flow 

 

 

  

5.3.2 Blinding and randomization 

In the interest of minimizing bias, both the patient and surgeon were blinded to treatment group 

allocation. After undergoing a clinical evaluation by the surgeon, patients who met the eligibility 

criteria were randomized into two experimental groups. One clinician performed the surgical 

procedure for all the participants. The randomization of participants was completed by an 

investigator who was not involved in the recruitment or treatment of the participants; the 

investigator applied permuted-block randomization via the website www.randomization.com. 

The investigator distributed the ibuprofen and placebo in the appropriate sequence. Other than 

providing the ibuprofen and the placebo, the investigator had no contact with the study 

participants and no involvement in data collection or analysis. All the records and test results 

were identified with codes known only by a person not otherwise involved in the clinical trial. 

5.3.3 Study outcome measures 

The targeted outcomes were pain relief and healing indicators.  

http://www.randomization.com/
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5.3.3.1 Primary outcome measure 

For the primary outcome, pain severity in the first three days after surgery, the patient recorded 

the pain score three times per day using the Verbal Rating Scale (VRS), which has been validated 

in many clinical trials (223). Patient perception of pain is considered one of the essential health-

related quality of life (HRQOL) measures to consider when assessing the healing and success of 

treatment after surgery, with the recovery of oral function, and the absence of pain and swelling 

(87, 224, 225). There is much evidence to support the validity, reliability, and ability to detect 

changes of VRS after oral and other surgeries; the instrument requires little training to administer 

and score and is acceptable to patients (226). The VRS is also more sensitive than other measures, 

which has  limited categories to select from, unlike visual analogue scale (VAS), for example, 

which has 101 response levels (0 to 100mm) (227). This scale quantifies the amount of pain that 

a patient feels, from 0 (no pain) to 10 (the worst pain imaginable).  

Patients were instructed to fill out a journal diary (Appendix III) for three days after surgery and 

deliver the diary to the investigator during the follow-up visit. For ethical reasons, all participants 

received rescue medication (500 mg acetaminophen) and were instructed to take two tablets as 

needed, without exceeding 4 g/day. Patients were permitted to take the painkiller whenever they 

felt considerable pain, per their judgment, and were instructed to wait at least 6 hours between 

doses and write in the diary each time they used the medication. 

All participants were asked to record the types of food they ate for three days after surgery. 

Additionally, each participant recorded any side effects during those days.  
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5.3.3.2 Secondary outcome measures 

Other target outcomes consist of healing indicators; we used proxy bone-healing indicators, 

including facial swelling and mouth opening. A single investigator collected these measures at 

baseline (before the surgical procedure) and on day 4. To assess postoperative swelling, we 

measured: a) the distance in millimeters from the bottom edge of the earlobe to the midpoint of 

the chin (symphysis Hirota), called horizontal distance to the symphysis (DHS); b) the distance in 

millimeters from the bottom edge of the earlobe to the external angle of the mouth, called 

horizontal distance to the corner (DHC), and c) the distance in millimeters from the palpebral 

outboard angle to the gonial angle, called vertical distance (DV).  

The swelling ratio was calculated as follows: (postoperative measurement − preoperative 

measurement) × 100/preoperative measurement. Trismus, an inability to open the mouth, may 

be a consequence of the surgery due to inflammatory processes involving the muscles. We 

evaluated this condition by measuring the distance between the incisal edges of the upper and 

lower central incisors with a ruler when the mouth is fully open. Trismus was considered present 

if the patient had limited jaw opening less than or equal to a 10-mm interincisal distance (223). 

We also checked and recorded the presence of erythema, muscle tenderness, 

temporomandibular symptoms and dry socket during the follow-up visit. 

5.3.3.3 Explanatory outcome measures 

The inflammatory condition associated with wound healing in the two treatment groups was 

explored thought the expression levels of C reactive protein (CRP) in patients’ blood samples. 

CRP is a protein secreted in the blood plasma, and it is synthesized by the liver as a response to 

the systemic inflammation that may be caused by different acute or chronic inflammation among 



98 
 

them acute phase response after surgery or trauma such as third molar surgical extraction. In a 

healthy individual, the CRP level is less than 10 mg/L, increases two folds every 8 hours 

postoperatively and peak in the third or fourth day after third molar surgical extraction, and keep 

detected in a higher level for one week (228). Previous studies demonstrate that CRP is an 

excellent objective indicator for the inflammatory clinical response following third molar surgical 

extraction and its elevated level was associated with clinical signs of acute inflammation such as 

facial swelling limited mouth opening (228). 

A blood sample (3 ml) was drawn from the cubital fossa of the patients two times in each 

treatment phase (one hour before the surgical procedure and on day four after surgery). The 

collected blood samples were centrifuged, and the CRP level in the patient’s serum was analyzed 

in the JUST university lab immediately after collection from the patients and the results recorded 

using the patient’s serial number. 

5.4 Statistical analysis 

For the in vivo animal studies, all sample sizes calculation for individual experimental groups was 

based on a coefficient of variation of 25% in the types of data collected, and α and β errors of 

5%. The sample size for the groups of the first two experiments was calculated using 0.8 power. 

All data were expressed as mean ± SE. For all studies in this thesis, the normal distribution of the 

data was checked using the Shapiro-Wilk test. For comparison between two groups, we used 

unpaired Student’s t-tests when the data were normally distributed; if not, the Mann-Whitney 

test was performed. We used two-way ANOVA analysis followed by the Fisher LSD post hoc test 

for comparisons between groups at different time points. Statistical analyses were performed 
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using OriginPro 2017 (OriginLab, Northampton, MA). Differences were considered significant at 

p < 0.05.  

For the cytokines experiment, the sample size of each experimental group was 3 with three 

replicates; this was selected based on previous studies to achieve an α=0.05 and a power of 0.8 

according to previous studies (69, 70). For gene expression data, we used the PANTHER 

classification system (PANTHER overrepresentation test, Reactome Pathways, version 11(2016), 

www.pantherdb.org) with the whole mouse genome (data updated to NCBI’s January 10, 2011 

release) (71). 

To estimate the sample size for the pilot RCT, we followed the strategy recommended by 

Whitehead et al. (229) to optimize resources and ensure the precision of estimates of variation 

in the outcome measures. We require 30 participants in each arm to estimate a standardized 

difference of 0.25 in pain scores between the intervention and control arms with a power of 80% 

and Type I error rate of 5%. Therefore, a total of 70 participants were randomized in two arms, 

taking into consideration a 10% loss to follow-up.  
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A preface to the manuscript I 

Most of the available evidence regarding the effect of NSAIDs administration on fracture bone 

healing came from preclinical animal studies. However, to best of our knowledge there is no 

systematic review and meta-analysis available that synthesized the effect of NSAID on specific 

healing outcomes such as biomechanical properties and histomorphometry analysis. Manuscript 

I addresses this gap by providing a comprehensive systematic review with meta-analysis of 

animal studies examining the effect of NSAID administration after fracture surgery on several 

healing outcomes using different animal models. In addition to providing comprehensive 

evidence on the subject, this work will also help to design of future animal studies. Bibliography 

of this manuscript is incorporated at the end of the chapter.  
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Abstract 

Background: Non-steroidal anti-inflammatory drugs (NSAID) have excellent anti-inflammatory 

and analgesic properties and are extensively used to treat post-traumatic or surgical 

musculoskeletal pain. Although an extensive literature exists on the administration of NSAID on 

animal bone healing, no systematic review and meta-analysis have yet been conducted to on the 

subject. Such work is important as it can identify the key histomorphometric and biomechanics 

characteristics during the process of fracture healing and provide comparative information 

regarding different factors that may affect this process after NSAID administration.  

We performed a systematic review and meta-analysis of animal studies to estimate the effect of 

NSAID administration after bone fracture on healing outcomes.  

Methods: We searched eight databases without limiting the search to starting date up to August 

1, 2017 for articles on fractured bone healing in animal models in which NSAID were 

administered. Out of 5,818 articles screened, 45 were included and three common bone healing 

outcomes were analysed: biomechanical properties (maximum force to break, stiffness, and 

work-to-failure), micro-computed tomography (µ-CT), and histomorphometric measurements. 

Results: The studies were generally of low-quality scores because crucial information, especially 

concerning randomization, blinding, and allocation concealment, was poorly reported. There was 

a significant negative effect of NSAID in rats followed by rabbits regarding mechanical bending 

healing outcome. Our results show that the negative effects of NSAID after bone fracture on 

certain biomechanical properties of the healing bones was not statistically significant in mice 

compared with other animals, in females compared with males, and in younger compared with 

older animals.  
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Conclusion: The findings suggest that NSAID should be administered with caution in patients with 

bone fractures or in those who undergo certain orthopedic surgical procedures until prospective 

human clinical studies can be conducted. 

 

Keywords: fracture, NSAID, cyclooxygenase, prostaglandin, bone, systematic review and meta-

analysis. 
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Introduction 

Non-steroidal anti-inflammatory drugs (NSAID) have been extensively used to treat post-

traumatic and surgical musculoskeletal pain because of the excellent anti-inflammatory and 

analgesic properties of cyclooxygenase (COX) inhibitors (1-5). However, clinical and biological 

data suggest that COX inhibition has a negative impact on bone tissue repair. Results from several 

animal trials have suggested that decreased bone healing, including biomechanical and 

histomorphometric properties, was associated with NSAID administration after bone fracture (6-

12). While few studies have investigated the effect of NSAIDs on bone healing in humans, their 

results are contradictory, possibly reflecting methodological limitations (13-16). Indeed, authors 

have argued for well-designed, large, multicentric randomized controlled trials with 

appropriately defined endpoints (17). To the best of our knowledge, there are no clinical studies 

to accurately determine the effect of NSAID on bone healing.  

Several animal models including different animal strains, sex, and fracture techniques have been 

used to test the effect of types and administration durations of NSAID on bone healing outcomes 

(10, 18-24). The assessments of bone healing in these studies include integrated multilevel 

measurements at the organ (e.g., biomechanical to tissue levels using micro-computed 

tomography (µ-CT) analysis), cellular (e.g., histology, histomorphometric analysis), and gene (e.g., 

mRNA microarray to explain the associated healing pathway) levels (25, 26). Overall, the 

techniques used to assess bone healing can be divided into four main categories: imaging 

analyses, biomechanical tests, detection of serologic markers, and clinical examinations (25). 

Among these categories, the biomechanical confirmed by histomorphometric analysis is the best 

way to determine the success of fracture healing (27, 28). These tests are widely used in animal 
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studies at different time points of fracture healing, which are selected according to the biological, 

physiological and pathological changes of the fractured bone (28-31).  

Although an extensive literature exists on the administration of NSAID on animal bone healing, 

no systematic review and meta-analysis have yet been conducted on the subject. Such work is 

important because it can identify the key histomorphometric and biomechanics characteristics 

during the healing process as well as it provides information on different factors that may affect 

the healing process after NSAID administration (e.g., NSAID type, animal type and strain, sex of 

the animal, fracture type, time of assessment). This information may help to design future 

experimental trials and facilitate knowledge translation. Therefore, we performed a systematic 

review and meta-analysis of all identified and available animal studies on the effect of NSAID 

administration after bone fracture on healing outcomes.  

Specifically, our objectives were to estimate the extent to which the effect of NSAID 

administration after bone fracture using animal models: (i) results in less favourable bone-

biomechanical and morphometric healing measurements; and (ii) differs by animal type, age and 

sex, type of NSAID, and length of follow up. 

Methodology 
The systematic review methodology was specified and documented in advance using SYstematic 

Review Center for Laboratory animal Experimentation (SYRCLE)’s protocol template for animal 

studies and registered in the SYRCLE database (Appendix I- Table 12-1S) (32, 33). In our initial 

protocol, we had proposed to carry out a sensitivity analysis to assess whether the 

methodological quality of the studies included in the meta-analysis greatly influences the findings 
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of the review. However, most of the studies in our systematic reviewed received low-quality 

scores, we therefore amended the review protocol to remove this part of the analysis. 

Search strategy and selection of studies 

We searched eight databases (Embase, Scopus, Medline, CINAHL, BIOSIS, Cochrane, Central, and 

DARE) for original articles concerning the effects of NSAID on fractured bone healing in animal 

models. We considered the period from the starting date of each database to August 1, 2017. 

The main terms used in the search strategy, developed with the help of the Liaison Librarian for 

Life Sciences at McGill University, were “anti-inflammatory agents” “non-steroidal”, “bone”, and 

“animals” (the complete search strategy is provided in Appendix I- Table 12-2S). We used a search 

filter to detect animal studies and exclude human studies. Although we did not impose language 

restrictions while searching, only English articles were reviewed. Also, we did not include 

conference abstracts because they do not provide sufficient data to allow for an evaluation. No 

other restrictions were used. Additionally, we hand searched the reference lists of eligible 

articles, and screened review articles for relevant references. The first selection was performed 

based on independent selection by two reviewers (HA, AP) using RAYYAN software 

(httpp://rayyan.org, Doha, State of Qatar) (34). Any disagreement was solved by discussion, or 

by including the third reviewer (BN). Full-text articles were screened and included when they met 

the following pre-specified criteria: 1) a controlled NSAID interventional design after bone 

fracture; and 2) a description of outcome measures related to bone healing (biomechanical 

characteristics, µ-CT scan measures, radiographic bone assessment, and/or histomorphometric 

and histological based grading). Papers were excluded if they fulfilled one of the following 

criteria: not an original article (e.g., review or letter), use of a bone graft or other material, 
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included only outcomes that were not biomechanical or histomorphometric, and duplicate 

studies. A list of articles excluded as well as the reasons for exclusion are available from the 

authors upon request. 

Data extraction 

The final set of articles was assessed independently by two reviewers who extracted the data 

using DistillerSR (Evidence Partners, Ottawa, Canada) following a piloted data extraction method. 

Disagreements were resolved by consensus.  

Data retrieved from the articles included characteristics of the animals (e.g., animal model used, 

weight and sex), test methods (bone fracture [e.g., site, type, number and technique used to 

perform the fracture, whether there was fixation or not, and type of fixation method]), use of 

medication (e.g., opioid, antibiotics, and NSAID [e.g., type, name, duration of use and route of 

administration]), and outcome data (time points of outcome measures collection, type of 

outcome). We grouped the outcomes into main classes: (i)Biomechanical (e.g., maximum force 

or ultimate force load, stiffness, work-to-failure), (ii) µ-CT assessment of healing (volume and 

density), and (iii) Histomorphometric characterization of fracture callus (bone, cartilage, and 

mineralized tissue).  

Raw data or group averages (mean, median), standard deviation (SD), standard error (SE), or 

ranges and number of animals per group (n) were extracted for all continuous outcome 

measures. We contacted the authors to obtain original data if results were presented graphically 

or were incomplete. If data could not be retrieved, the study was excluded from further analysis.  



108 
 

Risk of bias assessment 

Two blinded reviewers (HA, AM) assessed the internal validity of the included studies using 

SYRCLE’s risk of bias tool (35). The tool, an adaptation of the Cochrane risk-of-bias tool, considers 

aspects of bias specific to animal studies. It contains ten entries related to six types of bias 

(selection, performance, detection, attrition, reporting, and other bias). The score (yes) indicates 

a low risk of bias, (no) indicates a high risk of bias, and (?) indicates an unclear risk of bias. We 

were concerned that many items would be rated as having an unclear risk of bias because of the 

known poor reporting of experimental designs (36). To overcome this problem, we added four 

entries to the tool, pertaining to randomization, blinding, sample size calculation, and time of day 

of the NSAID administration or time of day at which surgery was performed (35). For these items, 

‘yes’ and ‘no’ indicates reported and unreported, respectively. 

Data analysis and synthesis 

We performed meta-analysis according to Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines, and using Comprehensive Meta-Analysis software (version 

2.2.064, Biostat Inc., Englewood) when five or more independent comparisons from at least three 

different studies per outcome category were included (provided that outcome measure 

assessments were sufficiently comparable). We calculated the standardized mean differences 

(SMD) through Hedges g effect sizes (37). The calculation was (SMD= the mean of the NSAIDs 

group minus the mean of the control vehicle group divided by the pooled standard deviations of 

the two groups) to account for the differences in the units of measurements. We used Hedges g 

effect to calculate the SMD, Hedge’s g (which is based on Cohen’s D but includes a correction 
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factor for small sample size bias) (38),(39). Again, the calculations need to take into account the 

direction of effect.  

Despite the anticipated heterogeneity, the individual effect sizes were subsequently pooled to 

obtain an overall SMD and 95% confidence interval (95%CI) (38, 40). We used a random-effects 

model (40), which takes into account the precision of individual studies and the variation among 

them, and weights each study accordingly. If multiple independent experimental groups were 

compared to the same control group within the meta-analysis, the number of animals in the 

control group was corrected by dividing it by the number of experimental groups.  

Rather than computing a single summary measure, an important objective of meta-analysis is to 

explore the sources of heterogeneity (41), a measure of the degree of variability in study results, 

and assess which variables influence the effect of NSAID on bone healing outcomes. We 

conducted subgroup analyses according to sex and animal species (mice, rats, and rabbits), type 

of NSAID (non-selective/COX-2 selective), type of fracture, and period of outcome measurement 

or data collection (early healing less than 21 days, 21 to 48 days, and more than 48 days). We 

present below the results for subgroups containing at least ten comparisons. A minimum of three 

independent comparisons per subgroup was needed to record the subgroup characteristics. The 

interpretation of differences between subgroups should be used mainly to construct new 

hypotheses rather than drawing definite conclusions. Heterogeneity for subgroup analyses was 

assessed using I2 and the Q statistic.  
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We assessed publication bias for different healing outcomes by evaluating the possible 

asymmetry using funnel plots and “trim and fill” if the analysis contained at least 20 

comparisons.” (38) .  

Results 
Study selection and characteristics 

After the full-text assessment, 45 publications were included in the systematic review (see 

Figure 6-1 for the PRISMA flowchart). The authors were contacted when we could not retrieve or 

understand the data, and only two out of ten responded to the request and sent the raw data. 

(Appendix I- Table 12-3S) presents characteristics of the included studies (the complete list is 

available in supplementary Excel file on request). Overall, study characteristics varied 

considerably; most studies were performed in rats (31 studies; 69%), four in mice (8%), nine in 

rabbits (20%), and one in dogs. Eight studies did not report the sex of the animal, while 24 (53%) 

and 13 (28.8%) used only male or female animals respectively, and none used both sexes. Eleven 

studies (24.4%) used a selective COX-2 NSAID as an experimental intervention drug, 22 (48.8%) 

and 12 (26.6%) used a non-selective or both NSAID types, respectively. There was a great 

variability on the primary outcomes for biomechanical characteristics; 35 (77.7%) studies 

reported one or more biomechanical characteristics, and ten (22.2%) studies did not report any 

of these characteristics. 
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Figure 6-1: PRISMA flow diagram of the selection of the included studies for the systematic review 
and meta-analysis 
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Risk bias and quality of the studies 

The assessment results for risk of bias and quality of reporting related to randomization, blinding, 

sample size calculation, and time of day for NSAID administration or surgery are summarized in 

Figure 6-2 and Figure 6-3 (The complete risk of bias assessment is available in supplementary 

Excel file on request). Among the 45 included studies, 28 (62.2%) mentioned the term 

“randomization” at any step in the study, but no article provided details on the method used. 

Only 12 (26.6%) studies reported blinding which for most of them was on the histological 

outcome assessment. Among all included studies, only five (13.3%) reported a sample size 

calculation; no article specified the time of day at which NSAID was administered or the time that 

surgery was performed (day or night). Due to poor reporting, many items evaluating the risk of 

bias on the assessment tool showed an unclear score. For example, “selective outcome reporting 

bias” was assessed as unclear for all studies because none reported using a research protocol 

defining primary and secondary outcomes. 
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Figure 6-2: Risk of bias assessment using SYRCLE risk of bias tool 

  

 

 

Figure 6-3: Quality of reporting assessment of the included studies  
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Meta-analysis of NSAID administration during fractured bone healing  

Out of 45 studies; we included 36 studies and the reasons for excluding these nine studies were 

missing information regarding outcome data , lack of measurement of a suitable healing 

outcome, or the intervention was not a bone fracture (6, 42-49), Thirty-two studies out of the 36 

compared the effect of administration of one or more NSAID on biomechanical characteristics 

(e.g., maximum force (MF) to fracture, stiffness, and work-to-failure) to a control group. For 

three-point mechanical bending properties, the analysis includes 186 experiments covering 

different animal models, NSAID types and measurement time points. Four and seven studies 

were included in the analysis of the effect of NSAID administration on the µ-CT and histological 

assessment healing outcomes, respectively. The average timing of data collection after bone 

fracture to assess the mechanical bending maximum force of healing bones was an average of 

29.6 days (minimum, 5 days; maximum, 84 days).  

 

Biomechanical assessment 

Results from thirty studies including 94 comparisons showed that the maximum force to fracture 

was significantly decreased, indicating bone healing delay, in animals that received an NSAID 

after bone fracture compared to the control group (SMD -0.58, 95%CI [-0.74,-0.42]; Table 6-1). 

Heterogeneity was moderate (I2, 55.04%). Similarly, animals that received NSAID had an overall 

decrease in bone stiffness and work-to-failure properties (SMD -0.56 [-0.76,-0.37] and SMD -0.58 

[-0.95,-0.20]) respectively compared to controls (Figure 6-4; Table 6-1). Between-study 

heterogeneity was moderate for both stiffness (I2, 60.41%) and work to failure outcomes (I2, 

56.29%). 



115 
 

We explored the sources of heterogeneity by examining the effect sizes in predefined subgroups: 

animal sex, age and species, time of bone collection and type of fractured bone. While animal 

age and type of bone were source of heterogeneity for the maximum force to break, time of 

sample collection and animal sex, age, and species were for the stiffness analysis. Moreover, sex 

and time of sample collection were sources of heterogeneity in the work to failure analysis 

(Table 6-1).  

Table 6-1 shows the subgroup analysis for three-point mechanical bending measurements. For 

maximum force measurement, NSAID administration did not delay bone healing among mice 

(SMD -0.28 [-0.68, 0.10]) but did it in other animals. In addition, we observed a difference in this 

measurement for the subgroup analysis of bone model; while femur (SMD -0.68 [-0.88, -0.48]) 

showed a significant difference between NSAID and control, tibia did not (SMD -0.19 [-0.49, 

0.10]). Moreover, when comparing SMD across bone models, the effect of NSAID administration 

was significantly larger in femur compared to tibia (P=0.007; Figure 6-5b).  

Bone stiffness among mice (SMD -0.07 [-0.55, 0.40]) and animals older than 16 weeks (SMD -0.31 

[-0.82, 0.18]) did not differ between NSAID and control groups (Table 6-1). However, compared 

to controls, bone healing was better in mice taking NSAIDs than in rabbits (p = 0.01; Figure 6-6a). 

The effect of NSAID administration was significantly different when the bone samples were 

harvested before 21 days compared to other time points between 21 to 48 days after surgery 

(P=0.03; Figure 6-6c).  

Regarding work to failure, there was no significant effect of NSAID administration on bone 

healing in the groups of female animals (SMD -0.09 [-0.55, 0.36]), those that received Selective-
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cyclooxygenase2 NSAID (SMD, -0.58 [-1.26, 0.09]), and for the femur bone model fracture (SMD, 

-0.38 [-0.83, 0.05]) (Table 6-1;Figure 6-7). 
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Table 6-1: Meta-analysis showing the effect of NSAID on mechanical properties after fracture 

Maximum Force - NSAID vs Control 
Subgroup N SZ 

NSAIDs 
SZ 
Con 

SMD 95% 
CI 

P 
effect 

Q 
statistic 

P within 
heterog. 

I2% P between 
heterog. 

Overall 94 995 594 -0.58 [-0.74, 
-0.42] 

0.000 206.89 <0.001 55.04 - 

Species     

Rats 56 655 370 -0.64 [-0.85, 
-0.43] 

0.000 117.18 <0.001 53.06  
 

0.336 
 

Mice* 17 181 95 -0.28 [-0.68, 
0.10] 

0.154 54.53 <0.001 70.66 

Rabbits 20 153 124  -0.66 [-1.02, 
-0.31] 

0.000 32.9 0.025 42.26 

Dogs 1 - - NA NA NA - - NA 

Sex 
Female 22 261 148 -0.61 [-0,95, 

-0.28] 
0.000 62.93 <0.001 66.63  

0.45 
Male 63 667 377 -0.52 [-0.72, 

-0.32] 
0.000 129.09 <0.001 51.97 

N/M 9 67 70 -0.87 [-1.38, 
-0.35] 

0.000 12.34 0.136 35.2 

Age/ weeks 
<8  3 24 21 0.26 [-0.56, 

1.09] 
0.536 0.249 0.883 0  

 
0.023* 8-16  39 471 270 -0.40 [-0.64, 

-0.16] 
0.001 93.64 <0.001 59.41 

>16 14 120 63 -0.66 [-1.10, 
-0.21] 

0.003 14.514 0.339 10.43 

N/M 38 380 241 -0.81 [-1.05, 
-0.56] 

0.000 80.64 <0.001 54.12 

Type of NSAIDs 
NS-COX 53 528 349 -0.55 [-0.76, 

-0.34] 
0.000 122.32 <0.001 57.48 0.695 

S-COX2 41 467 245 -0.61 [-0.86, 
-0.37] 

0.000 83.79 <0.001 52.26 

Time point 
<21 days 20 214 123 -0.62 [-0.97, 

-0.27] 
0.001 51.81 <0.001 63.33  

0.957 
21-48 
days 

58 628 343 -0.54 [-0.75, 
-0.33] 

0.000 124.99 <0.001 54.39 

>48 days 15 129 104 -0.65 [-1.07, 
-0.24] 

0.002 29.25 0.01 52.15 

N/M 1 - - NA NA NA - - NA  

Type of fractured bone 
Femur 57 662 409 -0.68 [-0.88, 

-0.48] 
0.000 120.03 <0.001 53.34  

 
0.01* Tibia* 28 264 133 -0.19 [-0.49, 

0.10] 
0.2 62.49 <0.001 56.79 

Fibula 4 27 11 -0.69 [-1.55, 
0.16] 

0.115 5.67 0.128 47.15 

Ulna 5 42 42 -1.20 [-1.86, 
-0.55] 

0.000 1.03 0.906 0 

Stiffness - NSAID vs Control 
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Overall 76 809 441 -0.56 [-0.76, 
-0.37] 

0.000 189.46 <0.001 60.41 - 

Species     

Rats 50 582 318 -0.57 [-0.80, 
-0.33] 

0.000 109.04 <0.001 55.06  
0.046* 

 Mice * 14 145 59 -0.07 [-0.55, 
0.40] 

0.758 55.63 <0.001 76.63 

Rabbits 11 76 58 -1.06 [-1.58, 
-0.53] 

0.000 11.14 0.34 10.3 

Dogs 1 - - NA NA NA - - NA 

Sex 
Female 18 223 124 -0.82 [-1.21, 

-0.44] 
0.000 40.88 0.001 58.41  

0.022* 
Male 55 568 299 -0.42 [-0.64, 

-0.19] 
0.000 133.42 <0.001 59.52 

N/M 3 18 18 -1.63 [-2.64, 
-0.62] 

0.002 0.78 0.675 0 

Age/ weeks 
<8  3 24 21 0.00 [-0.89, 

0.91] 
0.98 0 1 0  

0.047* 
8-16  30 373 193 -0.39 [-0.7, -

0.08] 
0.01 100.04 <0.001 71.01 

>16* 13 96 36 -0.31 [-0.82, 
0.18] 

0.21 18.97 0.08 36.75 

N/M 30 316 188 -0.88 [-1.18, 
-0.58] 

0.000 54.75 0.003 47.03 

Type of NSAIDs 
NS-COX 40 411 255 -0.41 [-0.67, 

-0.15] 
0.002 78.83 <0.001 50.52 0.091 

S-COX2 36 398 186 0.75 [-1.04, 
-0.46] 

0.000 102.1 <0.001 65.77 

Time point 
<21 days 14 160 84 -0.99 [-1.43, 

-0.54] 
0.000 21.48 0.06 39.49  

0.085 
21-48 
days 

51 560 292 -0.42 [-0.66, 
-0.19] 

0.000 144.11 <0.001 65.3 

>48 days 11 89 64 -0.65 [-1.16, 
-0.13] 

0.014 12.11 0.27 17.46 

Type of Fractured bone 
Femur 46 531 299 -0.59 [-0.84, 

-0.34] 
0.000 100.78 <0.001 55.34  

0.458 
Tibia 23 227 107 -0.39 [-0.76, 

-0.02] 
0.038 78.93 <0.001 72.12 

Fibula 4 27 11 -0.77 [-1.71, 
0.16] 

0.107 3.95 0.267 24.06 

Ulna 3 24 24 -1.16 [-2.11, 
0.20] 

0.017 0.32 0.848 0 

Work to Failure - NSAID vs Control 
Overall 16 148 121 -0.58 [-0.95, 

-0.20] 
0.002 34.32 0.003 56.29 - 

Species     

Rats 12 117 92 -0.52 [-0.96, 
-0.09] 

0.017 25.28 0.008 56.49 0.619 



119 
 

N/M:  information not mentioned; N: number of comparisons in analysis; SZ NSAID: number of animals in non-
steroidal anti-inflammatory drug group; SZ Con.: number of animals in control group; SMD: standardized means of 
differences (Hedges’ g); CI: confidence interval; NS-COX:, Non-selective cyclooxygenase inhibitor; S-COX2 Selective 
cyclooxygenase 2 inhibitor; NA: not analyzed because of insufficient data. * need to be explained  

  

Rabbits 4 31 29 -0.75 [-1.51, 
0.01] 

0.054 7.72 0.052 61.18 

Sex 
Female* 6 65 66 -0.09 [-0.55, 

0.36] 
0.694 12.59 0.028 60.29 0.007* 

Male 10 83 55 -0.94 [-1.37, 
-0.52] 

0.000 9.63 0.381 6.59 

Age/ weeks 
<8  0 - - - - - - - -  

0.267 8-16  3 24 24 -1.16 [-1.99, 
-0.32] 

0.006 0.32 0.848 0 

>16 3 27 15 -0.67 [-1.54, 
0.20] 

0.131 7.42 0.024 73.07 

N/M 10 97 82 -0.38 [-0.83, 
0.05] 

0.089 19.88 0.019 54.73 

Type of NSAIDs 
NS-COX 11 411 255 -0.58 [-1.05, 

-0.11] 
0.015 26.52 0.003 62.30 0.990 

S-COX2* 5 398 186 -0.58 [-1.26, 
0.09] 

0.092 7.72 0.102 48.18 

Time point 
<21 days 1 - - NA NA NA - - NA  

0.030* 21-48 
days 

12 102 75 -0.71 [-1.10, 
-0.32] 

0.000 19.54 0.052 43.73 

>48 days 3 35 35 -0.59 [-1.26, 
0.07] 

0.083 2.174 0.33 8.00 

Type of Fractured bone 
Femur* 10 97 82 -0.38 [-0.83, 

0.05] 
0.089 19.88 0.019 54.73  

0.267 
Tibia 3 27 15 -0.67 [-1.54, 

0.20] 
0.131 7.42 0.024 73.07 

Ulna 3 24 24 -1.16 [-1.99, 
-0.32] 

0.006 0.32 0.848 0 
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Figure 6-4: Forest plot of the included studies (experimental groups), which used three-points 
mechanical bending a) maximum force (MF); b) stiffness; c) work to failure. 
The forest plot displays the standard mean differences (SMDs) Hedges’ g, 95% confidence interval. The diamond 
indicates the overall estimation and its 95% confidence interval. 
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Figure 6-5: Effect of (a) Animal models' characteristics; (b) Type of fractured bone; (c) Time of collection 
healing bones; (d) Type of NSAID; and (e) Age of animals on maximum force to fracture (MF) after 
administration of NSAID compared to administration of control vehicle. 
The columns indicate the effect estimate with the 95% confidence interval of the subgroups. SMD, standard mean 
difference-Hedges’ g mean. * P<0.05 (unpaired student t-test).  NM, Not mentioned; NS-COX, Non-selective 
cyclooxygenase inhibitor; COX2, Selective-cyclooxygenase2 inhibitor. 
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Figure 6-6: Effect of (a) Animal models' characteristics; (b) Type of fractured bone; (c) Time of collection 
healing bones; (d) Type of NSAID; and (e) Age of animals on (stiffness) after administration of NSAID 
compared to administration of controlled vehicle. 
The columns indicate the effect estimate with the 95% confidence interval of the subgroups. SMD, standard mean 
difference-Hedges’ g mean. * P<0.05 (unpaired student t-test).  NM, Not mentioned; NS-COX, Non-selective-
cyclooxygenase; COX2, Selective-cyclooxygenase 2 inhibitor. 
 

 



125 
 

 

 

  

Figure 6-7: Effect of (a) Animal models' characteristics; (b) Type of fractured bone; (c) Time of collection 
healing bones; (d) Type of NSAID; and (e) Age of animals on (work to failure) after administration of 
NSAID compared to administration of controlled vehicle. 
The columns indicate the effect estimate with the 95% confidence interval of the subgroups. SMD, standard mean 
difference-Hedges’ g mean. NM, Not mentioned; NS-COX, Non-selective-cyclooxygenase; COX2, Selective-
cyclooxygenase 2 inhibitor. 
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µ-CT assessment (bone assessment) 

We included five comparisons from four studies that measured healing bone using a µ-CT scan in 

the meta-analysis. The average time of bone collection after animal euthanasia was 19.5 days 

(range, 17–21 days). Figure 6-8 and Table 6-2 show the distribution of the data. Although the 

subgroup analyses were not performed because the number of comparisons was small, the 

overall analysis shows a significant difference in bone volume measurements for animals that 

received NSAID compared to controls (SMD, -1.63 [-2.87, -0.39]), but this was associated with 

high heterogeneity among the studies (I2 83.32, p <0.001). 

 

Figure 6-8: Forest plot of the included studies (experimental groups), which used µ-CT analysis 
bone volume and bone density measurements. 
The forest plot displays the standard mean differences (SMDs) Hedges’ g, 95% confidence interval. The 
diamond indicates the global (overall) estimation and its 95% confidence interval. 
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Table 6-2: Meta-analysis based on several subgroups showing the effect of NSAID administration 
on bone volume and density measurements (µ-CT assessment) of healing bones after fracture. 

µ-CT assessment (Bone) NSAID vs Control 
Subgrou
p 

N SZ 
NSAIDs 

SZ 
Con 

SMD 95% CI P 
effect 

Q 
statistic 

P within 
heterog. 

I2% Pbetween 
heterog. 

Overall 5 48 39 -1.63 [-2.87, -
0.39] 

0.01 23.98 <0.001 83.32 - 

Species     

Rats 2 7 3 NA NA NA NA NA NA 0.193 

Mice  3 31 31 -1.03 [-2.55, 
0.48] 

0.18 9.95 0.007 0  

Sex 
Female 1 5 5 NA NA NA NA NA NA 0.851 

Male 4 43 43 -1.73 [-3.06, -
0.27] 

0.029 23.755 <0.001 87.37  

Age/ weeks 
<8  0 NA NA NA NA NA NA NA NA 0.007 

8-16  4 38 34 -1.04 [-1.98, -
0.10] 

0.03 10.157 0.017 70.46  

>16 0 NA NA NA NA NA NA NA NA  

N/M 1 10 5 NA NA NA NA NA NA  

Type of NSAIDs 
NS-COX 5 48 39 -1.63 [-2.87, -

0.39] 
0.01 23.985 <0.001 83.32 1 

S-COX2 0 NA NA NA NA NA NA NA NA  

Time point 
<21 days 4 38 34 -1.04 [-1.98, -

0.10] 
0.03 10.157 0.017 70.46 NA 

21-48 
days 

1 NA NA NA NA NA NA NA NA  

>48 days 0 NA NA NA NA NA NA NA NA  

Type of fractured bone 
Femur 4 38 34 -1.04 [-1.98, -

0.10] 
0.03 10.157 0.017 70.46 0.007 

Tibia 1 NA NA NA NA NA NA NA NA  
N/M: not mentioned; N: number of comparisons in analysis; SZ NSAID: number of animals in non-steroidal anti-inflammatory 
drug  group; SZ Con: number of animals in control group; SMD: standardized means of differences (Hedges’ g); CI: confidence 
interval; NS-COX: Non-selective cyclooxygenase inhibitor; S-COX2: Selective cyclooxygenase 2 inhibitor; NA: not analyzed 
because of insufficient data. * need to be explained  
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Histomorphometric assessment 

Seven studies including 33 experimental comparisons between NSAID administration and a 

control group showed no significant difference in all three (callus size, cartilage, and bone tissue) 

histomorphometric measurements (SMD, -0.16 [-0.49, 0.17], I2 = 54.64). Animal models and 

types of fractured bones were sources of heterogeneity for histomorphometric measurements 

of healing bones among studies (Figure 6-9; Table 6-3). Interestingly, no mouse model was used 

to study the histomorphometric measurements related to bone, cartilage, or callus size. Rat 

models, and histomorphometric evaluation at less than 21 days showed that bone healing was 

delayed in the NSAID group compared to controls (Table 6-3). 

Moreover, when comparing SMD across animal species, bone models, and time of collection, the 

negative effect of NSAID administration was significantly larger in rats compared to rabbits 

(P=0.01; Figure 10a), in femur compared to fibula (P=0.02; Figure 6-10b), and in the groups of 

bone samples that have been harvested less than 21 days (P=0.03; Figure 6-10c) after surgery.  

  



129 
 

Figure 6-9: Forest plot of the included studies (experimental groups) that used 
histomorphometric analysis on the microscopic image including callus size, cartilage tissue, bone 
volume, and bone area measurements. 
A forest plot displays the standards mean differences (SMDs) Hedges’ g, 95% confidence. The diamond 
indicates the overall estimation and its 95% confidence interval. 
 

 

 

 

  



130 
 

Table 6-3: Meta-analysis based on several subgroups showing the effect of NSAID administration 
on bone volume measurements (histomorphometric analysis) of healing bones after fracture. 

Histomorphometric - NSAID vs Control 
Subgroup N SZ 

NSAIDs 
SZ 
Con 

SMD 95% CI P 
effect 

Q 
statistic 

P within 
heterog. 

I2% P between 
heterog. 

Overall 33 171 115 -0.16 [-0.49, 
0.17] 

0.341 70.55 <0.001 54.64 - 

Species     

Dogs 2 12 12 NA NA NA NA NA NA 0.026* 

Rats * 19 123 79 -0.50 [-0.91, -
0.10] 

0.013 13.26 0.77 0  

Rabbits 12 36 24 0.42 [-0.14, 
0.98] 

0.143 19.18 0.058 42.65  

Sex 
Female 6 44 43 -0.14 [-0.92, 

0.72] 
0.723 28.42 <0.001 82.4 0.986 

Male 23 106 52 -0.17 [-0.60, 
0.25] 

0.427 41.66 0.007 47.19  

N/M 4 21 20 -.087 [-1.01, 
0.84] 

0.854 0.01 1 0  

Age/ weeks 
<8  0 NA NA NA NA NA NA NA NA 0.426 

8-16  6 24 12 -0.60 [-1.43, 
0.22] 

0.153 2.45 0.783 0  

>16 2 12 12 NA NA NA NA NA NA  

N/M 25 135 91 -0.09 [-0.48, 
0.29] 

0.63 38.63 0.03 37.87  

Type of NSAIDs 
NS-COX 22 130 87 -0.25 [-0.66, 

0.14] 
0.214 50.72 <0.001 58.6 0.410 

S-COX2 11 41 28 0.04 [-0.55, 
0.65] 

0.878 18.12 0.053 44.81  

Time point 
<21 days* 15 78 46 -0.50 [-1.00, -

0.01] 
0.042 11.97 0.609 0 0.162 

21-48 
days 

15 73 49 0.14 [-0.36, 
0.64] 

0.581 25.94 0.026 46.04  

>48 days 3 20 20 0.18 [-0.99, 
1,36] 

0.758 28.07 <0.001 92.87  

Type of fractured bone 
Femur 11 89 63 -0.49 [-0.99, 

0.01] 
0.055 10.40 0.406 3.869 0.041* 

Tibia 10 46 28 -0.41 [-1.03, 
0.20] 

0.192 30.63 <0.001 70.61  

Fibula 12 36 24 0.42 [-0.14, 
0.98] 

0.143 19.18 0.058 42.65  

N/M: information not mentioned; N: number of comparisons in analysis; SZ NSAID: number of animals in non-steroidal anti-
inflammatory drug group; SZ Con: number of animals in control group; SMD, standardized means of differences (Hedges’ g); CI: 
confidence interval; NS-COX: Non-selective cyclooxygenase inhibitor; S-COX2: Selective cyclooxygenase 2 inhibitor; NA: not 
analyzed because of insufficient data. * need to be explained  
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Figure 6-10: Effect of (a) Animal models’ characteristics; (b) type of fractured bone; (c) Time of 
collection healing bones; (d) Type of NSAID; and (e) Age of the animals on histomorphometric 
measurements (callus, bone) after administration of NSAID compared to the control vehicle. 
The columns indicate the effect estimate with the 95% confidence interval of the subgroups. SMD, standard 
mean difference-Hedges’ g mean. NM, Not mentioned; NS-COX, Non-selective-cyclooxygenase; COX2, Selective-
cyclooxygenase 2 inhibitor. 
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Publication bias 

The possible presence of publication bias was observed when assessing the histomorphometric 

outcome measurements. The inspection of the funnel plot suggested asymmetry resulting from 

the underrepresentation of studies that show negative effect of NSAID (Figure 6-11). Trim and fill 

analysis resulted in five extra data points, indicating the presence of publication bias. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 
This unique systematic review and meta-analysis was designed to answer a specific research 

question regarding the effect of different types of NSAID on bone fracture healing in animal 

models. Three important outcomes commonly used to assess bone healing were analyzed: 

biomechanical properties (maximum force to break, stiffness, and work to failure), micro CT, and 

histomorphometric measurements.  

 

Figure 6-11: Funnel plot for histomorphometric measurements of bone and cartilage in the 
healing callus 
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NSAID administration had a negative effect on the biomechanical properties in different animal 

models of the included studies (10, 12, 18, 19, 47, 50-58). However, the results for 

histomorphometric assessments did not show a difference (Table 6-3).  

Depending on the type of NSAID, they are known to inhibit both COX isoforms. Both non-selective 

NSAID and COX-2-selective drugs decrease prostaglandin production, which plays an essential 

regulatory role in all phases of bone healing, especially the inflammatory phase (59-62). Thus, it 

is reasonable to expect that NSAID administration after bone fracture may delay or impair healing 

outcomes (12, 52, 61). 

As early as the 1970s, many animal trials strongly emphasized the negative effect of NSAID on 

bone healing (7, 9, 12, 19, 24, 44, 52, 58, 63). Most studies that used rodents and rabbits 

demonstrated that non-selective and selective COX inhibitors impair the bone healing process (7, 

9-12, 19, 24, 44, 52, 58, 63). Conversely, only a few studies indicated that NSAID has little or no 

effect on fracture healing outcomes (20, 55, 56, 64). However, these studies have significant 

limitations, because they tested only one time point, did not measure clear bone healing 

outcomes that include mechanical or histomorphometric analysis, or used very low NSAID doses, 

and some did not perform a proper statistical analysis (42, 65, 66). Clinically, there are few 

retrospective studies and even fewer prospective clinical trials (13-16). The results from the 

retrospective studies were contradictory. Some of them have confirmed the negative effect of 

NSAID on bone formation and healing following hip or femoral neck fracture as well as hip 

arthroplasty (2, 13), while others have shown no effect on bone healing. One of the few 

prospective clinical trials reported beneficial effects of NSAID on bone healing in humans, which 

was among Colles’ fracture patients who were treated with casting and reduction (14, 16). It is 
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widely accepted that trying to understand the effect of NSAID administration on bone healing is 

extremely challenging in a clinical setting especially from a methodological perspective. For 

example, controlling the many confounding factors (e.g., smoking, diabetes, obesity) in a 

prospective manner requires considerable time and planning (17). Therefore, it is imperative to 

translate the evidence from the available in-vivo experimental studies. In fact, animal studies 

helped in understanding the physiological process of bone healing and can also provide 

important insights on the effect of NSAID on bone healing.  

Some methodological issues that might hamper the interpretation of the experimental animal 

data and their subsequent translation to the clinical setting should be discussed. First, there was 

substantial heterogeneity among the various animal studies. We performed subgroup analyses 

to investigate factors that may modify the effect of NSAID on bone healing outcomes (e.g., animal 

species, sex, type of bone, age of the animal, type of NSAID, and time at which the outcome was 

measured. More studies are required, especially in mice, because contrary to other models such 

as rats, mice show no negative effect of NSAID on the stiffness of the harvested bone compared 

to the control group. Because the mouse genetic map is similar to that of humans, the mouse 

may be the best available model to study the effect of NSAID on bone healing in different human 

genetic conditions (67). Overall, the pharmacokinetic variations between species, sexes, and ages 

should be considered, especially regarding drug absorption. Our meta-analysis showed a non-

significant negative effect of NSAID administration after bone fracture not only in mice compared 

to other animals, but also in females compared to males, and in younger compared to older 

animals. Experimental studies that compare different sexes and ages within the same experiment 

are needed for stratification and comparison.  
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We observed that the negative effect of NSAID administration on biomechanical properties 

differs between large (rabbits and rats) and small (mice) species. This suggests that mouse 

models may be more sensitive than rats for bone healing outcomes, which further supports our 

argument that they comprise the preferable models for future animal studies. Additionally, this 

finding suggests that the negative effect of NSAID on bone healing is species-specific for certain 

outcomes, and this need to be taken into consideration for knowledge translation. The timing of 

healing outcome measurements also seems to modify the results because they do not show a 

significant effect of NSAID administration on µ-CT and histomorphometric outcomes early in the 

healing process compared to the control groups, but results differ when measurements are taken 

after 21 days. It is important to consider this information during the design of further 

experimental protocols, and it may be crucial in managing research efforts and reducing the 

unnecessary use of animals. 

Finally, we did not find any studies that used animals of both sexes in their experimental design, 

which seems to be important for future studies because results differed between males and 

females for the work-to-failure biomechanical outcome.  

Methodological quality of the studies 

Our study quality checklist assessed aspects of both internal and external validity, and we 

observed many studies were generally of low-quality scores and tended to overstate the effect 

size. The overall quality score accounted for a significant proportion of between-study 

heterogeneity; however, the correlation between the aggregate quality score and the effect was 

not clear. The reporting and risk of bias assessments indicate the need for protocol registration 

or publication, and for the reporting of the elements of randomization, blinding, and allocation 
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concealment (35). This concern is shared and addressed by others (33, 35, 38). It is crucial that 

future animal studies improve the reporting of study procedures, allowing others to replicate and 

build on previously published work. With better reporting, systematic reviews of higher quality 

will also become feasible.  

Clinical implications 

Drug pharmacokinetics vary between species, and this must be considered when extrapolating 

data from animals to humans. Therefore, it is important to investigate NSAID doses that are 

equivalent to those used in humans after bone fracture (same proportion to animal weight) and 

to evaluate effects using different types of animal and bone fracture models. The increasing 

amount of evidence from animal studies and the results from this systematic review and meta-

analysis indicate that caution should be exercised when using NSAID after bone fractures or with 

specific orthopedic surgical procedures until prospective human clinical studies indicate 

otherwise.  

Conclusions 

Our findings provide some guidance for future laboratory and clinical research. First, it is 

important to test different hypotheses of bone fracture healing in small animals, and mice 

especially because mice models provide opportunities to examine genetics and create knock-out 

species. Our results also indicate the need for studies that compare the effect of NSAID 

administration on bone healing outcomes between male and female animal models. Overall, the 

appropriate animal model to test the effect of NSAID on fracture bone healing should take into 

consideration the animals’ species, type of the bone, and age of the animal. 
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Moreover, our results demonstrate it is important to choose the suitable time of sample 

collection based on what healing outcome to be measured. Histomorphometric outcome 

measurements require more than 21 days to show results that are comparable to the control 

group. Second, improvements in internal (study quality) and external (publication bias) validity 

might provide more information for the translation of the data to clinical trials, and more robust 

exploration of the efficacy limits in such studies could inform inclusion and exclusion criteria for 

these trials. 

It is increasingly clear that the function of COX and their products are critical for bone healing. 

Most animal and human studies support the conclusion that NSAID administration can delay or 

impair bone fracture healing. However, the anti-inflammatory and analgesic effect of NSAID 

seems to be beneficial in treating post-traumatic pain and edema. The need for a new approach 

to using NSAID that preserves its pain control properties without affecting bone healing is 

justifiable and important. 
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A preface to manuscript II 

In the following chapter, I present a series of preclinical experiments that tested the hypothesis 

that NSAIDs administration during the active phase of the day reduces pain and improves healing 

recovery after bone fracture surgery. Moreover, this manuscript include experiment to identify 

inflammatory cytokines and gene expression levels associated with NSAID chronotherapy after 

three days of fracture bone healing. These studies highlight the importance of this simple 

treatment approach in controlling pain and promoting healing following bone fracture surgery in 

mice. Bibliography of this manuscript is incorporated at the end of the chapter   
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One Sentence Summary: Timing of NSAID administration (chronotherapy) after surgery 

reduce pain and improve postoperative recovery and affect the expression of clock genes. 

Abstract 

Postoperative pain relief is crucial for full recovery. With the ongoing opioid epidemic and the 

insufficient effect of acetaminophen on severe pain; non-steroidal anti-inflammatory drugs 

(NSAID) are heavily used to alleviate this pain. However, NSAID are known to inhibit 

postoperative healing of connective tissues by inhibiting prostaglandin signaling.  

Pain intensity, inflammatory mediators associated with wound healing and the pharmacological 

action of NSAID vary throughout the day due to the circadian rhythm regulated by the clock 

genes. According to this rhythm, most of wound healing mediators and connective tissue 

formation occurs during the resting phase, while pain, inflammation and tissue resorption occur 

during the active period of the day. 

Here we show, in a murine tibia fracture surgical model, that NSAID are most effective in 

managing postoperative pain, healing and recovery when drug administration is limited to the 

active phase of the circadian rhythm. Limiting NSAID treatment to the active phase of the 

circadian rhythm resulted in overexpression of circadian clock genes, such as Period 2 (Per2) at 

the healing callus, and increased serum levels of anti-inflammatory cytokines interleukin-13 (IL-

13), interleukin-4 (IL-4) and vascular endothelial growth factor. By contrast, NSAID administration 

during the resting phase resulted in severe bone healing impairment.  

 
 
Key words: Animal models, NSAID, surgery, Healing, Circadian rhythm 
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Introduction 

Postoperative recovery following invasive surgical interventions is usually painful and can cause 

significant morbidity and even mortality in some cases (1). Postoperative pain is a response to 

injury in which inflammatory mediators are released, inflammatory cells infiltrate the damage 

site, and nociceptive nerve fibres are activated to produce pain (2). Pain relief is crucial for full 

recovery; it is essential for the healing process and to resume physical activities (3). However, 

drugs typically used for postoperative pain management are problematic. Acetaminophen is 

ineffective in severe pain, and while NSAID and opioids are useful for controlling surgical pain (4), 

opioids can cause constipation and addiction, and NSAID can delay healing (5-8). Therefore, there 

is an urgent need for better strategies to manage postoperative pain. One way of achieving this 

is by developing NSAID treatments that control pain and inhibit inflammatory catabolic activities 

while sparing the anabolic pathways of wound healing. 

Inflammation is essential in healing (9). For example, when connective tissues are injured, an 

inflammatory response starts by the conversion of arachidonic acid (AA), either into 

prostaglandin H2 (PGH2) via cyclooxygenase (COX), or into interleukotrien A4 (LTA2) via 5-

lipoxygenase (5-LO). Downstream specific synthetase enzymes convert PGH2 and LTA2 into 

bioactive lipid mediators, such as prostaglandin E2 (PGE2), which play a crucial role in tissue 

repair (9, 10). Pro-inflammatory cytokines production, along with growth factors activation after 

injury, results in increased secretion of prostaglandins. Prostaglandins contribute to the 

regulation of mesenchymal cells differentiation into progenitor osteoblasts (11), thus by 

inhibiting the production of PGE2 via COX, NSAIDs reduce the production of PGE2, and 
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subsequently inhibit the healing of connective tissues (bone, cartilage, dermis) (Appendix II- 

Table 13-1S).  

All living organisms possess a circadian rhythm that anticipates the response to light and 

temperature changes during the 24-hour cycle (12). The circadian system in mammals is 

composed of a central clock within the suprachiasmatic nuclei and a peripheral clock inside all 

cells. The circadian clock is controlled through a feedback loop of heterodimer core clock genes 

composed of circadian locomotor output cycles kaput (Clock) and brain and muscle Arnt such as 

protein-1 (Bmal1). Clock and Bmal1 drive the expression of two inhibitors, cryptochrome (Cry) 

and period (Per) (13). This molecular clock modulates the immune response and the healing 

processes in connective tissues (13) (Figure 7-1 and appendix II-Table 13-2S). For instance, 

macrophage activity, leukocyte recruitment, and pro-inflammatory mediators such as 

interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-12 (IL-12) increase at the beginning of 

the daily activity. During this phase, the levels of Tol-Like Receptors TLR9 and TLR4 also increase, 

leading to the upregulation of CCL2, CXCL1, CCL5, and subsequent leukocyte recruitment and 

potential tissue damage in injured sites (12-15)( Figure 7-1). By contrast, anti-inflammatory 

mediators and other growth or angiogenesis factors, such as the vascular endothelial growth 

factor (VEGF), peak during the resting phase (13, 16, 17) (Figure 7-1 and appendix II- Table 13-2S).  
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Figure 7-1: Diagram of the circadian rhythm in immune cells, pro-inflammatory and anti-
inflammatory mediators, bone resorption and formation markers. 

 

 

The circadian rhythm affects many aspects of connective tissue metabolism (18). A 24-hour 

oscillation occurs in bone tissue during growth (19), formation, resorption (20, 21), and in the 

endochondral ossification during bone fracture healing (21). Bone formation occurs during the 

resting period, and resorption occurs mostly during the active period (21). Experimental studies 

in rodents and humans reveal that the disruption of sleep and circadian rhythm impairs bone 

formation (22). All bone cells such as osteoblasts, osteoclasts, and chondrocytes express clock 

genes, such as Per or Cry, that influence bone volume regulation (23, 24). Cry2 influences the 

osteoclastic activity and Per2 regulates osteoblast activity (25).  

The circadian clock also affects pain, with sensitivity peaking during the active phase (26). Part of 

the pain response oscillation could be explained by changes in COX-1 and COX-2 activity 

throughout the day (27), especially after an injury or insult (28). These variations may contribute 

to the clinically evident circadian variations in the pharmacokinetics effects of NSAID. Specifically, 
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maximum absorption and effectiveness are achieved when the drug is administered during the 

active phase when animals are awake (29-33).  

Different clinical studies suggest that careful selection of the time of administration can improve 

the effectiveness of NSAID and can markedly reduce their undesirable effects (34). These drugs 

exert a strong anti-inflammatory effect when ingested or injected in the morning or early 

afternoon, but not in the evening, when the risk of its adverse effects such as indigestion, 

stomach ulcers, and acute kidney problems increase (35).  

In this study, we investigated how does the time of NSAID administration impact postoperative 

pain and healing. We hypothesized that circadian variations in inflammation caused by clock 

genes could determine the postoperative effectiveness of NSAID therapy. Accordingly, limiting 

NSAID administration to the beginning of the daily activity phase should improve recovery. To 

test our hypothesis, we assessed the effect of surgery time and time of NSAID delivery on pain 

and healing outcomes in a bone fracture surgical model in mice. We determined the most 

efficient delivery time for NSAID after bone fracture surgery. Moreover, we investigated the 

molecular differences between the healing sites of mice that received NSAID during the active 

phase and those that received it during the resting phase by characterizing the gene expression 

profile of fracture calluses in both groups.  
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Figure 7-2: Study design and objectives 

 

 

 

Results 

The timing of bone fracture does not affect bone healing and recovery 
 
To set the basis for the assessment of NSAID chronotherapy, we first investigated the effect 

timing of bone fracture on bone healing and recovery. We carried out this experiment by 

comparing pain behaviour and bone healing of mice that received tibia fracture surgery during 

the resting phase (when animals are sleeping) to those that received the fracture during the 

active phase (when they are awake) (Figure 7-2). 

In both groups, there were no significant differences in pain behaviours between mice who 

received tibia surgery during the active or resting phases (Figure 7-3a,b). The guarding of the 

injured limb increased, but it returned to almost pre-fracture levels by day 14. Similarly, the 

tendency to bear more weight on the uninjured versus the injured limb increased after the bone 

fracture, but partially resolved by day 7.  
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Two weeks following surgery, the osteotomy sites of the fractured tibiae were subjected to µ-CT 

analyses to assess bone healing (Figure 7-3c,d,e). We did not observe significant differences in 

the bone volume to tissue volume (BV/TV), callus size, trabecular number (Tb.N), or spacing 

between the two experimental groups. Moreover, the biomechanical analysis revealed no 

significant difference in the force to fracture, stiffness or work to failure measurements between 

the bones harvested from the two experimental groups (Figure 7-3f,g,h). 
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Figure 7-3: Effect of bone fracture surgery timing on pain and bone healing. 

(a,b) Pain assessment, (c,d,e) μCT analysis and (f,g,h) mechanical analysis of tibiae fracture during resting 
time and active time at day 14 after tibia fracture surgery. The data show that both groups (n=8 per group) 
had similar pain behaviour (weight bearing (WB), guarding tests (GT)), bone volume fraction (BV/TV), 
trabecular number (Tb.N), spacing between the trabecula (Tb.Sp), trabecular thickness (Tb.Th), maximum 
force (MF), stiffness (S) and work to failure (WF). All data are expressed as Mean ± SE values. 

 

 

 
 
 

The timing of NSAID administration affects bone fracture pain and recovery 
 
To assess the effect of the timing of NSAID administration on bone fracture pain and recovery, 

we used a methodology similar to that discussed in the previous experiment (Figure 7-2). We 

evaluated the pain behaviour of two groups of mice following a tibial fracture. For pain 

management, after the bone fracture, one group received NSAID at the beginning of the active 

phase, and the other group received NSAID at the end of the active phase. 
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Immediately after inducing a tibial fracture, all mice increased limb guarding and decreased 

weight bearing on the injured limb, which are both indicators of pain. Two weeks after surgery, 

the mice in the group that received NSAID during the active phase recovered the weight bearing 

in comparison to pre-surgery values (P=0.85, Figure 7-4c). However, mice treated during the 

resting phase still showed slower recovery after two weeks in comparison to pre-surgery scores 

in guarding and weight bearing tests (p<0.05, Figure 7-4b,c). Interestingly, compared to mice 

receiving NSAID at the resting phase, those treated with NSAID during the active phase recovered 

their limb posture and weight bearing faster by more than 40% at day 3 (p<0.05, Figure 7-4b,c). 

Also, the mice treated during the active phase bore significantly more weight on the injured limb 

at day 14 compared to the resting phase group (p <0.05, Figure 7-4c). 

 

Figure 7-4: Effect of NSAID dose timing (n=8 per group) on pain behaviour assessment at 1, 3, 7 
and 14 days after surgery. 
(a) Guarding test mesh for the paw of the fractured leg, (b) guarding test, (c) weight bearing test. Scores 
are expressed as mean ± SE values *P<0.05. 
 

 

 

 

To assess the effect of NSAID timing on bone healing, we analyzed the morphology and 

mechanical properties of the harvested bones from the mice of the two groups described above. 

Two weeks after inducing the bone fracture, µ CT analyses revealed that NSAID treatment during 
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the active phase resulted in significantly larger callus at the fracture sites, and higher bone 

volume to tissue volume, trabecular number, and decreased spacing between the trabeculae, 

than NSAID treatment during the resting phase (Figure 7-5b,c,d)(p<0.05). Histomorphometric 

analysis of the fractured bones also revealed a significantly larger callus area and greater 

mineralized bone area in mice treated during the active phase compared to the resting phase 

(Figure 7-5k), This was associated with significantly fewer tartrate-resistant acid phosphatase 

(TRAP)-stained osteoclasts in the animals receiving NSAID during the active phase (Figure 7-5n).  

To investigate whether differences in biomechanical properties accompanied the difference in 

the structure of the healing callus, the biomechanical characteristics of the healing bones from 

the two experimental groups were investigated by three-point-bending tests (Figure 7-5e,f,g,h). 

Analysis of the load-displacement curves showed higher maximum force to fracture and stiffness 

in the fractured bones of the animals treated during the active phase, in comparison to the mice 

receiving treatment during the resting phase (Figure 7-5f,g,h).  
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Figure 7-5: Effect of NSAID dose timing on bone healing outcomes. 
(a) μCT images of tibiae retrieved from the NSAID resting time group (left) and NSAID active time group 
(right) at day 14 after tibia fracture surgery. The group that received NSAID at the active time had (b) a 
higher bone volume fraction (BV/TV) and (c) trabecular number (Tb.N), (d) lower spacing between the 
trabecula (Tb.Sp) and higher trabecular thickness (Tb.Th) compared to the group receiving NSAID at 
resting time (n=7 per group). (e) The mechanical stress-strain curve of 3-point bending tests on the 
fractured bones, (f) maximum force (MF), (g) stiffness (Stiff.) and (h) work to failure (WF) of the fractured 
tibiae of each group (n=7 per group). (i-n) Histology Von-Kossa-stained sections: (i,j) mineralization in 
black at fracture sites in mice (i) receiving NSAID during resting time or (j) during active time. (k) 
Percentage of mineralized tissue within the callus. Tartrate-resistant acid phosphatase (TRAP) stain (l,m) 
shows the osteoclasts in the fracture site of mice receiving NSAID (l) during resting time and (m) active 
time (scale bars represents 200 μm (big image, and 10 μm small image)). (n) Number of osteoclasts per 
unit area of callus (n=4 per group). All data are expressed as Mean ± SE values. *P< 0.05. 
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The timing of NSAID administration affects systemic inflammation after bone fracture  
 
To understand how the timing of NSAID administration after bone fracture affects the systemic 

inflammatory response, we measured the levels of 20 inflammatory cytokines in serum. These 

analyses revealed increased levels of interleukin IL-13, vascular endothelial growth factor, and IL-

4, and decreased levels of IL-1β and interferon gamma-induced protein 10 in the mice receiving 

treatment during the active phase compared to those receiving it during the resting phase 

(p<0.05) (Figure 7-6a,b). 

 
The timing of NSAID administration affects gene expression in bone fractures 

The effect of the timing of NSAID administration on the expression of genes at the bone fracture 

site was assessed using RNA microarray. Extracted total RNA pools were harvested on day 3 after 

surgery and examined for global gene expression profiles (Figure 7-6c,d and appendix II- 

Figure 13-3Sa,b,c and appendix II- Table 13-3S and Table 13-4S). NSAID administration during the 

active phase elicited a different gene expression profile in comparison to the resting phase group. 

In comparison to the negative control group (no NSAID and no surgery), there were 8300 genes 

expressed in the group that received NSAID during the active phase after bone fracture, and 7200 

genes expressed in the group that received NSAID during resting time after bone fracture 

(Figure 13-3Sa,b)(Data Set-Series GSE126648-GEO Repository). In total, 555 genes exhibited a 

significant difference in expression of ≥ 1.5-folds (p<0.05) between the two groups (Figure 7-6c), 

including specific genes involved in the bone healing process and macrophage polarization, such 

as CCl12, Rental, CCl3 and FGF growth. In addition, clock genes such as Per2 were upregulated by 

NSAID administration during the active phase. Moreover, genes known to impair bone healing, 

such as STAT1, were downregulated in the active phase group (Appendix II- Table 13-4S). 
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According to a ‘gene ontology’ classification, the genes affected by the timing of NSAID 

administration were mainly related to cellular, metabolic and biological regulation processes 

(Appendix II- Table 13-3Sand Figure 13-1Sa, b). Also, they were associated with nine different 

signalling pathways, such as the circadian clock, inflammation mediated chemokines and 

cytokines, epidermal growth factor receptor (EGFR) pathway, interleukin, T cell activation, B cell 

activation, axon, TCA cycle, and heme biosynthesis signalling pathways (Figure 7-6d). Among 

these pathways, the circadian clock and EGFR signalling pathways were expressed in the group 

that received NSAID during the active phase and not in the resting group.  
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Figure 7-6: Effect of NSAID dose timing on systemic inflammatory cytokines and gene 
expression of the healing callus. 
(a,b) The concentration of serum cytokines during fracture healing: (a) serum concentrations of pro-
inflammatory cytokines, and (b) anti-inflammatory cytokines and growth factors. (c) Gene expression heat 
map for the top 100 genes that showed at least 1.5-fold difference (P<0.05), upregulated (red) or 
downregulated (blue), at day three after fracture surgery for the group receiving NSAID at active time 
compared to those receiving NSAID at resting time. (d) PANTHER pathway ontology analysis showing 
significantly enriched Panther pathways (p < 0.05) of differently expressed genes between the group that 
received NSAID at the active time compared to resting time at day 3 after fracture surgery. Concentrations 
are expressed as mean ± SE values. *P < 0.05. 
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Discussion 

Our results suggest that NSAID administration during the daily activity period results in better 

postoperative healing and recovery in a bone surgery model. This is likely due to the impact of 

NSAID timing on inflammation at the healing site, especially through the overexpression of 

circadian clock genes such as Per2. This effect of NSAID chronotherapy seems to be independent 

of the time of surgery. 

 
The timing of NSAID administration affects the expression of clock genes  
 
The expression of the genes involved in the circadian clock pathway and circadian rhythm 

biological process was affected by NSAID chronotherapy (Figure 7-6d). Clock genes such as Per2, 

Nr1d1, and Nr1d2 appeared to be upregulated in the fracture sites of the group that received 

NSAID during the active phase, in comparison to the resting phase group. This effect of NSAID 

chronotherapy is probably through the COX-independent pathway. NSAID administration has 

been shown to affect Per2 clock gene expression in canine cancer cell lines (36). Other studies 

have shown that independent of COX pathways, NSAID administration affects a variety of 

transcription factors that regulate Per2 clock gene expression, such as EGR-1 (37, 38), B- 

Catenin/TCF (39), NF-кB (40), ATF3 and ATF4 (41). Some of these transcription factors were 

expressed in both experimental groups in comparison to the control group.  

Our findings show that NSAID administration at a specific time of the day determines its effect 

on certain clock gene like Per2.  
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There is an increasing interest in the possibility of targeting of the circadian clock in therapeutic 

approaches to control inflammatory diseases, metabolic diseases, and cancer; in addition to 

promoting healing and maintaining homeostasis (42, 43). Our gene ontology analysis of the 

differentially expressed genes suggested that the timing of NSAID administration after bone 

fracture affected several signalling pathways such as: inflammation mediated pathway, 

interleukin, T-cell and B-cell activation signalling pathways, and EGFR signalling pathway. Studies 

have demonstrated the effect of these pathways (44-46) on regulating cytokine signaling and the 

immune response. 

RNA microarrays of the fracture site among the group that received NSAID during the active time 

revealed an upregulation of genes signalling cytokines associated with the polarization of 

macrophage cells from M1 phenotype to M2 such as Rentla, FIZZ1 and IL-4R1 during bone healing 

(47). This group also showed expression of genes associated with the recruitment of 

mesenchymal stem cells and the initiation of the angiogenesis process such as CXCR4 and CCL12 

(44) (Appendix II- Table 13-4S). In addition, the group that received NSAID during the active phase 

demonstrated downregulation of transcripts associated with the expression of pro-inflammatory 

cytokines including Stat1, IL-9, IL-6ra, and IL-18 (48, 49).  

 

The timing of NSAID administration affects the systemic inflammatory response  
 
Bone healing involves an early inflammatory phase in which immune cells such as neutrophils, 

natural killer cells (NK) and macrophages, as well as a variety of cytokines, initiate the healing 

cascade. Cytokine expression varies throughout the post-fracture bone healing period; early 

stages of bone fracture healing present with inflammatory cytokines that are eventually replaced 
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by anti-inflammatory cytokines (50). It has been demonstrated that macrophages regulate the 

recruitment and activation of mesenchymal stem cells by secreting cytokines such as IL-1β, IL-6, 

and TNF-α during the early period of the inflammatory phase (51). In the subsequent period, the 

mesenchymal stem cells immunoregulate the macrophages toward anti-inflammatory 

phenotypes through a COX-dependent pathway that involves the production of PGE2. 

Afterwards, M2 macrophages produce anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 

along with oncostatin M (OSM) to induce osteogenesis, and thus, inflammation is dampened and 

the tissue repair process is initiated (51-53). The resolution of inflammation is a prerequisite for 

efficient tissue repair (54). Prolonged inflammatory reactions associated with elevated levels of 

pro-inflammatory markers appear to delay revascularization and affect the healing outcome (54-

58).  

We found signs of a prolonged inflammatory phase in the group that received NSAID at resting 

time, while there was an expression of anti-inflammatory cytokines (IL-13, IL-4 and angiogenic 

factor VEGF) and a decreased level of pro-inflammatory mediators and chemokines (IL-1β and IP-

10) at day 3 following surgery in the group that received NSAID during the active phase.  

The COX enzyme, the key target of NSAID, plays a vital role in the generation of the inflammatory 

response during the bone healing process by converting arachidonic acid to prostaglandins (9). 

Also, the COX enzyme and PGE2 have been found to affect the response of immune cells such as 

macrophages during bone healing in the synthesis and release of pro-inflammatory and anti-

inflammatory mediators (59-61). Our study indicates that administration of NSAID during the 

active phase could modulate the synthesis and release of these cytokines by immune cells (e.g., 

macrophages) through the COX-inhibition pathway, decreasing pro-inflammatory cytokines (e.g., 
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IL-1β and interferon gamma-induced protein 10) and increasing anti-inflammatory cytokines 

(e.g., IL-13 and IL-4) (Figure 7-6a,b).  

 

The timing of NSAID administration affects bone fracture healing and recovery  

NSAID administration during the active phase after bone fracture improved bone healing by 

increasing the percentage of mineralization tissue at the fracture site and decreasing the number 

of osteoclast cells, which resulted in increased bone strength and better postoperative recovery. 

This effect on bone metabolism was probably a result of COX-dependent and COX-independent 

inflammatory pathways affected by NSAID chronotherapy. 

Results from recent studies showed that endochondral ossification in fracture healing involves 

the circadian clock genes, especially Per2 (21). Taken together, the differential expression of the 

Per2 clock gene and the over-representation of the circadian clock pathway along with other 

inflammation and immune pathways suggested an immune and inflammatory response in the 

mice that received NSAID during the active phase that may improve bone healing. Also, the 

microarray gene expression and cytokines analysis suggested that the timing of NSAID 

administration after bone fracture stimulated the healing process in the group that received 

NSAID during the active phase. Indeed, we observed an earlier resolution of the inflammatory 

process, which was manifested by an anti-inflammatory state (increased serum levels of IL-13, IL-

4 and VEGF) mainly due to the expression of genes that are involved in the polarization of 

macrophage cells toward anti-inflammatory phenotype M2, which is associated with better 

healing outcomes (53). Schmidt and Serhan demonstrated that between the first day and day 

three after trauma, the upregulated anti-inflammatory signalling coincides with the 
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overexpression of angiogenic factors such as VEGF in the hematoma of the bony environment 

(54, 56).  

The M1 macrophage is associated with bone destruction and M2 cells with tissue repair. M2 

macrophage cells produce anti-inflammatory cytokines such as IL-10, IL-13, and IL-4 and promote 

osteogenic differentiation of bone marrow-derived mesenchymal stem cells, the precursor of the 

osteoblast (62). The differentiation of mesenchymal stem cell to osteoblast requires direct cell-

cell contact with macrophage cells (M2 phenotype), and the production of a soluble factor known 

as oncostatin M. Oncostatin M production from this cell-cell contact is regulated by prostaglandin 

E2 and cyclooxygenase 2 loops (63).  

Materials and methods 

Study design 

The primary objective was to estimate the effect of timing NSAID administration on pain and 

bone fracture healing. In the first experiment, we assess the effect of timing of bone fracture 

surgery in mice; the second experiment was to test the effect of NSAID administration during the 

active period compared to resting phase after bone fracture surgery in mice on pain and 

postoperative recovery. The third experiment was to identify serum cytokines and different gene 

expression from the healing callus of a fractured bone in mice between those animals who 

received NSAID at a different time of the day. For all experiments, replicate numbers are outlined 

in Materials and Methods or figure legends. Minimum sample size was determined by power 

analysis based on an estimated. Mice in all experiments were age-matched and randomized into 
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groups. Experimenters were blinded to experimental groups to remove bias. Adverse animal 

welfare issues were sufficient to halt experiments but did not arise during this work. 

The effect of the timing of bone surgery on bone healing and recovery 

To assess the effect of the timing of bone fracture on postoperative pain and bone healing, we 

used a tibia-fracture model in mice. In this model, animals underwent bone fracture surgery at 

two different times of the day (active and resting time). Behavioural indices of pain, including 

weight-bearing and guarding tests, as well as the biomechanical and histomorphometric 

properties of the healing bones, were examined. 

Animal model 

After obtaining the ethical approval obtained from the Animal Care Committee at McGill 

University, we acquired sixteen 4-months-old wild-type C57BL/6j mice weighing 25 to 28g from 

Jackson Laboratories (Bar Harbor, ME). We chose this strain, which is deficient in melatonin, to 

identify the pathways independent of the melatonin systemic effect (64). The mice were housed 

in pathogen-free conditions at 22°C with a 12-hour alternating light/dark cycle fed on water ad 

libitum.  

Experimental groups 

Cage assignment, mouse numbering and allocation to study groups were performed by a 

researcher not otherwise involved in the study procedures. Mice were randomly assigned to one 

of two study groups following an automated process using Experimental Design Assistant from 

the National Centre for the Replacement and Reduction of Animals in Research.  

One group received open tibia-fracture surgery at the beginning of the resting phase 

corresponding to zeitgeber time ZT2, where ZT0 refers to the time the lights turn on in the animal 
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facility (6:00 am). The second group had the same surgery at ZT13, which corresponds to the 

beginning of the active phase when the light is off (from 6:00 pm onwards). Mice are nocturnal 

animals in which the active phase starts at the beginning of the night and ends in the morning.  

Before the surgical intervention, mice were acclimated for two weeks to the environment and 

the facility and exposed to behaviour testing equipment twice before obtaining baseline 

measures. 

Surgical intervention 

For our study, we used the open osteotomy fracture model developed by Grestenfield et al. (65). 

All surgeries were performed by the same operator who was not involved in the randomization, 

allocation concealment process or outcome measurements. Anesthesia was induced initially with 

a 4% isoflurane/oxygen mixture and maintained at 2%, and a buprenorphine (5 %) subcutaneous 

injection was given before surgery for pain control. An incision centred over the knee joint medial 

to the patellar ligament was done to create an entry portal to the tibia medullary canal using a 

27-gauge x ½ inch TB syringe. The stylet of a 25-gauge spinal needle was inserted in an intergrade 

fashion through the lumen of the 27-gauge needle down to the distal growth plate, and its tip 

was used to bend the spinal needle wire, which was cut 1 mm above the bent, then was inserted 

and adapted smoothly beneath the patellar pliers. The wound was closed with a 5-0 absorbable 

vicryl suture. Mice were monitored for any signs of improper healing or infection. All animals 

were euthanized two weeks later at the same time of the day. 

Pain assessment  

Behavioural indices of pain including weight bearing and guarding, were assessed at baseline 

(pre-surgery), and on day 3, 7 and 14 after fracture surgery. All assessments were performed at 
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the same time of the day between 11:00 am and 1:00 pm by an investigator blinded to the 

experimental design and intervention group. Detailed materials and methods are provided in the 

supplementary information of materials and methods- appendix II. 

Assessments of the healing bones 

Following euthanasia, the harvested tibiae were examined by microcomputed tomography (µ-

CT), biomechanical testing and histomorphometric analyses. Detailed materials and methods are 

provided in the supplementary information of materials and methods- appendix II. 

The effect of the timing of NSAID administration on pain and bone healing 

To assess the effect of the timing of NSAID administration on bone healing and pain, we 

conducted an experiment using 16 mice. The housing and handling of mice and the surgical 

intervention were performed as described above.  

Two study groups of mice were randomly assigned; one group received fracture surgery and 

postoperative subcutaneous injections of NSAID (carprofen 20mg/kg) only at resting time (ZT2) 

for three days, whereas the second group had the same treatment at the active time (ZT13). The 

carprofen dose is equivalent to a typical postoperative prescription of ibuprofen of 500 mg every 

8 hours (66). Mice were observed for any signs of improper healing or infection. All animals were 

euthanized two weeks after surgery.  

Pain behaviour assessments after bone fracture surgery and the examination of the harvested 

bones were carried out as described above. Details are provided in the supplementary 

information of materials and methods- appendix II. 

Identify inflammatory cytokines and metabolic pathways affected by the timing of NSAID 

administration after three days of bone fracture surgery 
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To address this aim, we performed a third experiment with nine mice randomly assigned to three 

groups. One group received an NSAID treatment for three days after bone fracture surgery during 

resting time (ZT 2) and the second group received the same treatment during active time (ZT13), 

while a third group did not receive any surgery or NSAID. Surgery was performed for the NSAID 

groups as described above at the same time of the day for all mice. Mice were observed for any 

signs of improper healing or infection after surgery. All animals were euthanized after three days.  

Assessment of early healing at the molecular level  

We performed a serum cytokine analysis and RNA microarray sequencing of the healing callus 

three days after surgery. Detailed materials and methods are described in the supplementary 

information of materials and methods- appendix II. 

Statistics 

The sample size for the groups of the first two experiments was calculated on o.8 power, based 

on a coefficient of variation of 25% in the types of data that are collected, and after accepting α 

and β errors of 5%. All data expressed as mean ± SE. The normal distribution of the data was 

checked using Shapiro-wilk test. For comparison between two groups, unpaired Student’s t-tests 

used when the data was normally distributed if not Mann-Whitney test was performed. Two-way 

ANOVA analysis followed by Fisher LSD post hoc test used for comparison between groups at 

different time points. Statistical analyses were performed using OriginPro 2017 (OriginLab, 

Northampton, MA). Differences were considered significant at p < 0.05.  

For the cytokines experiment, a sample size of 3 with three replicated was used to achieve an 

α=0.05 and a power of 0.8 according to previous studies (67, 68). Data not normally distributed 

were analyzed using Mann-Whitney test. OriginPro 2017 (OriginLab, Northampton, MA). For 
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gene expression data, the PANTHER classification systems (PANTHER overrepresentation test, 

Reactome Pathways, version 11(2016), www.pantherdb.org) with the whole mouse genome 

(data updated to NCBI’s January 10, 2011 release) (69). Differences were considered significant 

at p < 0.05.  
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A preface to manuscript III 

The following chapter addresses the thirds objective of this thesis, which is to design and launch 

a pilot RCT to test a new treatment protocol of using NSAID after surgical third molar extraction 

based on circadian rhythm concept in human. This research will help to provide primary data 

about the effect of timing NSAID administration on healing outcome after small oral surgical 

approach that includes bone removal. Moreover, this study can help in the preparation of the 

main trial that may include other surgical procedures. Bibliography of this manuscript is 

incorporated at the end of the chapter. 
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Abstract 

Background: Clinical and preclinical studies have demonstrated encouraging results of non-

steroidal anti-inflammatory drugs (NSAID) chronotherapy in the management and treatment of 

inflammatory diseases such as rheumatoid arthritis. However, no previous clinical trials have 

addressed how the timing of NSAID administration within the day affects pain and healing 

outcomes after oral surgery that involves bone removal, such as surgical extraction of the third 

molars. 

Methods: To address our aim, we designed a single-center double-blind, randomized controlled 

trial. Patients who need a lower third molar extraction and meet the eligibility criteria will be 

recruited. Participants will be randomized into two groups. Subjects in group one will be 

instructed to take NSAID (ibuprofen 400 mg) at 9 AM and 2 PM combined with a placebo before 

bed between 9 PM for three days postoperatively. Subjects in group 2 will be instructed to take 

NSAID (ibuprofen 400 mg) between 9 AM, 2 PM and 9 PM for three days postoperatively. The 

patients’ self-reported pain in the three days after surgery will be recorded as the primary 

outcome. Additionally, healing indicators such as the maximum interincisal distance and 

measurements of facial swelling will be recorded preoperatively and four days postoperatively. 

Each participant’s blood level of C-reactive protein will be recorded pre- and postoperatively as 

an inflammatory marker. 

Discussion: The study will estimate the effect of using NSAID only in the morning and early 

afternoon following surgical extraction of the third molar to decrease pain and improve 

postoperative healing and recovery in comparison to the routine use of NSAIDs three times per 

day. 
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Trial registration 

The trial was registered with ClinicalTrials.gov in November 2018 (No. NCT03789058). 

 

Introduction and background 
The surgical extraction of wisdom teeth under local anesthesia is one of the most common oral 

surgical procedures (1). Each year more than 5 million patients in the USA having third molars 

(wisdom teeth) at an annual cost of over $3 billion. Additionally, more than 11 million patient-

days of "standard discomfort or disability" were reported due to surgical removal of wisdom 

teeth, with an average of 4.9 lost work days per procedure (2, 3).  

Most of the wisdom teeth surgical extractions require bone removal (4). Removing bone during 

extraction is associated with pain and discomfort related to the inflammatory process after 

surgery. 

Currently, postoperative pain management is limited to acetaminophen, opioids and NSAIDs (5, 

6). However, these drugs are all problematics. Acetaminophen is not effective in managing severe 

pain (6). Opioids and NSAID are effective in pain management, but opioids can cause constipation 

and addiction (7, 8), While NSAID may delay bone healing (9, 10). 

Dentists and maxillofacial surgeons all over the world prefer to prescribe NSAID after this type of 

surgery (11). The mechanism of action of NSAID is the reversible inhibition of the enzyme 

cyclooxygenase (COX), which is believed to be responsible for the synthesis of prostaglandins 

(10). Prostaglandins play a major role in inflammatory and nociceptive processes (12). Two 

isoforms of COX, namely, COX-1 and COX-2, are responsible for the synthesis of Prostaglandin 

from arachidonic acid. Both have essential roles in the inflammatory process after bone surgery, 
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but COX-1 is involved more in the integrity of the gastrointestinal tract and renal tract tissue, 

while COX-2 is mainly involved in the inflammatory and healing process later (13).  

NSAIDs are either nonselective (inhibiting both COX-1 and COX-2) or selective (inhibiting COX-2 

only). Ibuprofen is a peripherally acting analgesic works on inhibition of both COX-1/COX-2 

inhibition, it provides fast analgesic effect without any increasing side effects risk (14). Ibuprofen 

is routinely used in the treatment of moderate to severe acute pain such as dental pain or 

postoperative discomfort (15-17).  

Results from Cochrane systematic reviews demonstrate that higher doses and frequencies of 

NSAID use are associated with better pain control after dental (wisdom tooth extraction) and 

non-dental surgeries (9, 18, 19). Increasing the dose and frequency of NSAIDs was associated 

with an increased risk of adverse effects. Despite the promising results associated with the use 

of different NSAIDs for pain control after wisdom tooth surgeries, patients still report pain and 

other discomfort indicators such as swelling and trismus, especially during the first three days 

after the procedure (20). These symptoms can affect the patients’ activities of daily living and 

even quality of life (3, 20-22). Animal (23-35), retrospective, and some clinical studies (36-40) 

suggest that NSAID affect bone healing outcomes.  

All living organisms possess a circadian rhythm that anticipates the response to changes during 

the 24-hour cycle (41). The circadian system in mammals is composed of a central clock within 

the suprachiasmatic nuclei and a peripheral clock inside all cells (42). This molecular clock 

modulates the immune response and bone healing process (42). Macrophages activity, 

leukocytes recruitment, and proinflammatory mediators such as interleukin-1β (IL-1β), IL-6, and 

IL-12 increased at the beginning of the daily active phase. During the active phase, there are also 
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increased levels of Toll-like receptors TLR9 and TLR4, which upregulate the expression of CCL2, 

CXCL1, and CCL5, leading to leukocyte recruitment and potential tissue damage at the injured 

site (41-44). On the other hand, anti-inflammatory mediators and other growth and angiogenesis 

factors, such as vascular endothelial growth factor (VEGF), peak during the resting phase (42, 45, 

46).  

The 24-hour circadian rhythm oscillation occurs in bone tissue during growth (47), formation, 

resorption (48, 49), and endochondral ossification during fracture bone healing (49). 

Experimental studies in rodents and humans reveal that disruption of sleep and circadian rhythm 

impair bone formation (50). All bone cells, such as osteoblasts, osteoclasts, and chondrocytes 

express clock genes that influence bone volume regulation, such as Per or Cry (51, 52).  

The circadian clock also affects pain, with sensitivity peaking during the active phase (53). Part of 

the pain response oscillation could be explained by changes in COX-1 and COX-2 activity 

throughout the day (54), especially after an injury or insult (55). These variations may contribute 

to the clinical evidence of circadian and circannual variations in the pharmacokinetics effects of 

NSAID. Specifically, maximum absorption and effectiveness are achieved when the drug is 

administered during the active phase (56-60).  

The literature outlined above has led to the development of chronotherapy, which is the science 

of preventing or treating illness according to biological rhythms (61). It involves the timing of 

pharmacological, medical or surgical interventions to minimize side effects and increase 

treatment efficacy (56-58). More than half of the available medications, including some of the 

overcounter ones, their action is regulated by circadian clocks which make the timing of 

administration a promising treatment strategy (62). Although this essential biological process has 
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been largely ignored, many drugs may achieve maximum absorption and effectiveness when 

administered during the active phase (53). The optimal time of the day for administration 

depends on the species, i.e., daytime for humans but night-time for several nocturnal animals 

(e.g., mice). 

Recent evidence suggests that the timing of skin wounds or surgery affects healing and 

postoperative recovery after cardiovascular surgeries (63, 64).  

The chronotherapeutic use of anti-inflammatory medications after oral surgeries is of clinical 

importance, especially with increasing evidence regarding the clinical efficacy of this approach in 

medicine. No clinical studies have investigated the effectiveness of this approach after minor oral 

surgeries. 

Within the limitations of the existing literature, we concluded that NSAID delay bone healing in 

animals. Interestingly, of previous studies tested the effect of NSAID chronotherapy on post-

surgical pain and bone healing. Indeed, none of the articles included in our systematic review 

reported the time of day at which NSAIDs were administered or the time (day or night) that 

surgery was performed. 

This gap, combined with burgeoning evidence in the medical literature suggesting the 

effectiveness of chronotherapy, motivated us to undertake a series of animal studies 

investigating the effect of chronotherapeutic NSAIDs administration on bone healing. Results of 

our preclinical studies showed that administering NSAIDs at wake-up compared to bedtime cut 

in half the recovery time for pain and bone healing in mice, including mechanical and 

histomorphometric properties of the healing callus. These findings support the role of the 
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circadian rhythm in inflammation during bone healing and may have major implications for bone-

related surgical interventions.  

Although chronotherapy has the potential to better control inflammation, decrease pain and 

recovery time, no clinical studies have yet investigated the effectiveness of the timing of NSAIDs 

administration on healing outcomes after surgery involving bone removal in humans. Therefore, 

we propose to address this gap by conducting an RCT to investigate the chronotherapeutic use 

of NSAIDs in humans following a validated model of minor surgery involving the bone for 

postoperative pain and pain management.  

Expected contribution and research question 

The overarching aim of this study is to contribute evidence regarding the efficacy of NSAID 

chronotherapy for postoperative pain and pain management after all bone related injuries or 

surgeries by using validated surgical model such as a third molar surgical extraction. This is an 

important aim considering that the outcomes of this investigation can be used for other medical 

interventions involving bone healing. The research question is as follows: Among patients 

undergoing 3rd molar extraction surgery, does a novel protocol for post-surgical pain based on 

chronobiological principles decrease pain levels and improve bone healing compared to the 

current standard of care? 

Objectives 
Working hypothesis: Among patients undergoing surgical third molar extraction, the 

administration of NSAID during morning and early afternoon only will result in better 

postoperative recovery than the routine standard care administration of NSAIDs for three times 

per day. The specific objectives of this study are (i) to assess the effect of ibuprofen 400 mg on 



194 
 

postoperative pain severity and wound healing indicators such as edema and mouth opening and 

(ii) to compare the levels of inflammatory indicators such as C-reactive protein (CRP) three days 

after surgical third molar extraction between those receiving ibuprofen 400 mg in the morning 

and early afternoon to those receiving it three times a day.  

Methods 
A flow chart of this study is shown in (Appendix III-Figure 14-1S). The schedule of enrollment and 

intervention is presented in (Appendix III-Table 14-1S). 

Study location 

The current project is a single-center double-blind randomized controlled trial (RCT). 

Randomization will take place at the individual level. The study will be carried out in the Dental 

Teaching Clinics at the Jordan University of Science and Technology in Irbid, Jordan. 

Ethical approval 

The study obtained approval from the Institutional Review Board of Jordan University of Science 

and Technology in Irbid, Jordan (protocol number 393/2017) and is registered in the 

ClinicalTrials.gov clinical trials registry (No. NCT03789058) to be conducted in the University’s 

Dental Teaching Clinics in Irbid, Jordan. 

Study participants 

Subjects referred for third molar extraction at the Oral and Maxillofacial Surgery Department, 

Jordan University of Science and Technology (JUST), Irbid, Jordan, will be approached for 

recruitment. The maxillofacial specialist will examine all patients clinically and evaluate their 

radiographs to determine their suitability for inclusion in the study. 

Subjects who have been indicated for third molar extraction and fulfill the study criteria will be 

informed about the research, including its nature and purpose. Those interested will be invited 
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to take part in the study. Each patient will be asked to sign a surgical procedure consent form on 

the day of surgery. 

Inclusion and Exclusion 

To be considered eligible for the study, the individual must (i) be aged between 18 and 35 years 

old, (ii) be healthy according to the American Society of Anesthesiologists (ASA) classification 

(subject should not have an active infection, trismus, hyperthermia, or swelling before surgery 

and must be able to maintain adequate oral hygiene), (iii) have an adequate understanding of 

written and spoken English or Arabic to fill out a questionnaire, and (iv) be capable of signing an 

informed consent form. In addition, in the interest of standardizing the clinical cases of third 

molar surgical extraction, the indicated teeth should be lower third molars which are bony 

impacted. People will not be eligible for the study if they (i) have a history of systemic diseases 

(e.g., diabetes mellitus, hypertension, gastric ulcer), (ii) have a severe/serious illness that requires 

frequent hospitalization, (iii) are current smokers, (iv) are pregnant or breastfeeding, (v) are 

taking anti-inflammatory or analgesic drugs in the previous two weeks or are allergic to NSAIDs, 

(vi) have impaired cognitive or motor function, or (vii) are unable to return for evaluations/study 

recalls. Patients who develop a postoperative infection will be dropped from the study. 

Clinical procedure and experimental interventions 

For each surgery, a full thickness flap will be lifted after giving local anaesthesia (2% lidocaine 

with 1:100,000 epinephrine). A no. 701 surgical bur will be used to perform osteotomy. The 

surgical site will be inspected after extraction, and any sharp bone will be filed to prevent 

discomfort. Copious irrigation will be applied, followed by closure using 3/0 polyglactin910 

(Vicryl) sutures. Tooth location (right or left), the volume of local anesthesia administered (the 
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number of anesthetic tubes used), the time of the surgery (morning only), and the time needed 

to perform the surgical procedure will be recorded. Each participant will receive an appropriate 

dose of ibuprofen 400 mg for three days postoperatively. Group 1 will receive two doses of 

ibuprofen before afternoon, as well as a third dose consisting of a placebo (a sugar tablet of the 

same colour and shape as the active drug tablet) at bedtime; group 2 will receive three doses of 

ibuprofen 400 mg three times per day. The oral medications (ibuprofen and the placebo) are 

identical in appearance and will be given to each patient by the investigator in a closed envelope 

labelled with the patient's assigned study identification number, known only by the investigator. 

Blinding and randomization 

In the interest of minimizing bias, both the patient and the surgeon will be blinded to treatment 

group allocation. After undergoing clinical evaluation by the surgeon, patients who meet the 

eligibility criteria will be randomized into two experimental groups. One clinician will perform the 

surgical procedure for all the participants. Randomization of participants will be completed by an 

investigator who is not involved in the recruitment or treatment of the participants; the 

investigator will apply permuted-block randomization via the website www.randomization.com. 

The investigator will distribute the ibuprofen and the placebo in the appropriate sequence. Other 

than providing the ibuprofen and the placebo, the investigator will have no contact with the 

study’s participants and no involvement in data collection or analysis. All the records and the 

results of the tests will be identified with codes known only by a person who does not participate 

in the clinical trial. 

Study outcome measures 

The target outcomes are pain relief and healing indicators. 

http://www.randomization.com/


197 
 

Primary outcome measure 

For our primary outcome, pain severity in the first three days after surgery, the patient will record 

the pain score three times per day using the Verbal Rating Scale (VRS), which has been validated 

in many clinical trials (65). This scale quantifies the amount of pain that a patient feels and ranges 

from 0 (no pain) to 10 (the worst pain imaginable). 

Patients will be instructed to fill out a journal diary for three days after surgery and deliver the 

diary to the investigator during the follow-up visit. For ethical reasons, all participants will receive 

rescue medication (500 mg acetaminophen), and they will be instructed to take two tablets as 

needed, not to exceed 4 g/day. Patients will be permitted take the painkiller whenever they feel 

considerable pain, per their judgment, and will be instructed to wait at least 6 hours between 

doses and write in the diary each time the medication is used. 

All participants will be asked to record the types of food they eat for three days after surgery. 

Additionally, each participant will record any side effects during those days. 

Secondary outcome measures 

Other target outcomes will consist of healing indicators; in this study, we will use proxy bone-

healing indicators including facial swelling and mouth opening. A single investigator will collect 

these measures at baseline (before the surgical procedure) and on day 4. To assess postoperative 

swelling, we will measure: a) the distance in millimeters from the bottom edge of the earlobe to 

the midpoint of the symphysis Hirota, called horizontal distance to the symphysis (DHS); b) the 

distance in millimeters from the bottom edge of the earlobe to the external angle of the mouth, 

called: horizontal distance to the corner (DHC), and c) The distance in millimeters from the 

palpebral outboard angle to the gonial angle, called: vertical distance (DV).  
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The swelling ratio will be calculated as follows: (postoperative measurement − preoperative 

measurement) × 100/preoperative measurement. Trismus, an inability to open the mouth, may 

be a consequence of the surgery due to inflammatory processes involving the muscles. We will 

evaluate this condition by measuring the distance between the incisal edges of the upper and 

lower central incisors with a ruler when the mouth is fully open. Trismus will be considered 

present if the patient has limited jaw opening less than or equal to a 10-mm interincisal distance 

(65). The presence of erythema, muscle tenderness, tempers mandibular symptoms and dry 

socket will be checked and recorded during the follow-up visit. 

Explanatory outcome measure 

The inflammatory condition associated with wound healing will be explored through the 

expression levels of CRP A venous blood sample of 3 ml will be drawn from the cubital fossa of 

each patient two times, once in each treatment phase (once preoperatively and once three days 

postoperatively). The collected blood samples will be analyzed in the JUST laboratory 

immediately, and the result will be sent to the investigator by email using patient serial numbers. 

Blood CRP levels will be tested one hour before the surgical procedure. 

Statistical analysis 

To estimate the sample size for this pilot RCT, we followed the strategy recommended by 

Whitehead et al.(66) to optimise resources and ensure precision of estimates of variation in the 

outcome measures. We require 30 participants in each arm to estimate a standardized difference 

of 0.25 in pain scores between the intervention and control arms with a power of 80% and Type 

I error rate of 5%. Therefore, a total of 70 participants will be randomized in two arms, taking 

into consideration a 10% loss to follow-up. 
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By the end of the study, randomized groups will be revealed, and statistical analysis will be 

performed as group 1 or group 2. The meaning of the two groups will be known after the analysis. 

We will focus on obtaining precise estimates of the following parameters of primary outcome 

measures: i) standard deviation; ii) intra-participant correlation; iii) incidence proportions of 

binary outcomes; iv) mean differences between randomized groups in the analysis.  

Any change to the statistical plan will be accounted for by publication. A detailed statistical 

analysis plan will be published. 

Discussion 
The results of this study may reveal part of the role of the circadian rhythm and NSAID 

chronotherapy in pain and inflammation during wound healing after surgical interventions that 

include bone removal, such as surgical extraction of the third molars. The findings may change 

the clinical practice of all bone-related surgical interventions and, at the same time, provide a 

new, simple way of managing pain and inflammation in surgical patients that will not affect the 

type of drug used or the cost of treatment. 

Our group’s animal studies also obtained promising preliminary data, demonstrating that NSAID 

administration at the beginning of the active phase, compared to the resting phase, is associated 

with improved recovery from bone fracture surgery.  

The results of recent studies (63, 64, 67) on the effect of surgery timing on healing outcomes for 

skin wounds or heart surgeries, showed how important the internal clock is to the process of 

healing injuries. The findings from these studies show for the first time how circadian factors are 

important for wound healing. By taking these into account, it is possible not only to identify novel 
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drug targets but also to increase the effectiveness of established therapies by changing what time 

of day they are given to maximize their healing benefits. 

In the design of the clinical trial, we have taken into account the pharmacokinetic differences 

between humans and mice. In mice, carprofen is administered only once a day, but in humans, 

NSAIDs are often prescribed every 8 hours. Accordingly, in our RCT, the experimental group will 

receive NSAID treatment only two times per day: once after breakfast and once after lunch, but 

not at night. The control group will receive conventional NSAID treatment three times per day. 

Trial status 
This trial has begun receiving and treating patients. 

List of abbreviations 

AA. arachidonic acid 
ASA. American Society of Anesthesiologists 
Bmal1. brain and muscle Arnt-like protein-1 
CCL2. chemokine (C-C motif) ligand 2 
CCL5. chemokine (C-C motif) ligand 5 
Clock. circadian locomotor output cycles kaput 
COX. cyclooxygenase 
CRP. C-reactive protein 
Cry. cryptochrome 
CXCL1. chemokine (C-X-C motif) ligand 1 
IL-12. interleukin-12 
IL-1β. interleukin-1β 
IL-6. interleukin-6 
JUST. Jordan University of Science and Technology 
NSAID. nonsteroidal anti-inflammatory drug 
Per. period 
PG. prostaglandin 
TLR4. Toll-like receptor 4 
TLR9. Toll-like receptor 9 
VAS. Visual Analogue Scale 
VEGF. vascular endothelial growth factor 



201 
 

 
Acknowledgments 

We thank Jordan University of Science and Technology in Irbid, Jordan (funding number: 

20170307), for supporting this study. 

Competing interests 

The authors declare no conflicts of interest. 

Authors’ contributions 

HA, FT, ZT and BN provided the idea for the study, established the hypothesis, and wrote and 

revised the manuscript. ZT and MG made significant contributions to the recruitment of the 

patients and following them up. The trial is conducted in the Dental Teaching Clinics at Jordan 

University of Science and Technology. All authors reviewed and approved the final manuscript. 

 

Reference 

1. Ruvo AT, Shugars DA, White RP, Jr., Phillips C. The impact of delayed clinical healing after 

third molar surgery on health-related quality-of-life outcomes. J Oral Maxillofac Surg. 

2005;63(7):929-35. 

2. Friedman JW. The prophylactic extraction of third molars: a public health hazard. 

American journal of public health. 2007;97(9):1554-9. 

3. Sancho-Puchades M, Valmaseda-Castellon E, Berini-Aytes L, Gay-Escoda C. Quality of life 

following third molar removal under conscious sedation. Med Oral Patol Oral Cir Bucal. 

2012;17(6):e994-9. 



202 
 

4. Landucci A, Wosny AC, Uetanabaro LC, Moro A, Araujo MR. Efficacy of a single dose of 

low-level laser therapy in reducing pain, swelling, and trismus following third molar extraction 

surgery. Int J Oral Maxillofac Surg. 2016;45(3):392-8. 

5. Pountos I, Georgouli T, Blokhuis TJ, Pape HC, Giannoudis PV. Pharmacological agents and 

impairment of fracture healing: what is the evidence? Injury. 2008;39(4):384-94. 

6. Pountos I, Georgouli T, Calori GM, Giannoudis PV. Do nonsteroidal anti-inflammatory 

drugs affect bone healing? A critical analysis. Thescientificworldjournal. 2012;2012:606404. 

7. Mathiesen O, Wetterslev J, Kontinen VK, Pommergaard HC, Nikolajsen L, Rosenberg J, et 

al. Adverse effects of perioperative paracetamol, NSAIDs, glucocorticoids, gabapentinoids and 

their combinations: a topical review. Acta Anaesthesiol Scand. 2014;58(10):1182-98. 

8. Wester JU, Haerslev T, Mathiesen FK, Jespersen SM, Hansen TM. [Naproxen versus 

indomethacin as night-time medication for patients with rheumatoid arthritis]. Ugeskrift for 

Laeger. 1991;153(27):1937-9. 

9. Moore RA, Derry S, McQuay HJ, Wiffen PJ. Single dose oral analgesics for acute 

postoperative pain in adults. Cochrane Database Syst Rev. 2011(9):Cd008659. 

10. O'Connor JP, Manigrasso MB, Kim BD, Subramanian S. Fracture healing and lipid 

mediators. BoneKEy reports. 2014;3:517. 

11. Moore PA, Hersh EV. Combining ibuprofen and acetaminophen for acute pain 

management after third-molar extractions: translating clinical research to dental practice. J Am 

Dent Assoc. 2013;144(8):898-908. 

12. Hak DJ, Schulz KS, Khoie B, Hazelwood SJ. The effect of Cox-2 specific inhibition on direct 

fracture healing in the rabbit tibia. Journal of Orthopaedic Science. 2011;16(1):93-8. 



203 
 

13. O'Keefe RJ, Tiyapatanaputi P, Xie C, Li TF, Clark C, Zuscik MJ, et al. COX-2 has a critical role 

during incorporation of structural bone allografts. 2006;0(1068):532-42. 

14. Adams SS. The propionic acids: a personal perspective. Journal of clinical pharmacology. 

1992;32(4):317-23. 

15. Pozzi A, Gallelli L. Pain management for dentists: the role of ibuprofen. Annali di 

stomatologia. 2011;2(3-4 Suppl):3-24. 

16. Seymour RA, Walton JG. Pain control after third molar surgery. International journal of 

oral surgery. 1984;13(6):457-85. 

17. Seymour RA, Ward-Booth P, Kelly PJ. Evaluation of different doses of soluble ibuprofen 

and ibuprofen tablets in postoperative dental pain. Br J Oral Maxillofac Surg. 1996;34(1):110-4. 

18. Derry S, Wiffen PJ, Moore RA. Relative efficacy of oral analgesics after third molar 

extraction--a 2011 update. British Dental Journal. 2011;211(9):419-20. 

19. Bergese S, Castellon-Larios K. The effectiveness of a single dose of oral ibuprofen plus 

caffeine in acute postoperative pain in adults. Evidence-based medicine. 2016;21(1):24. 

20. Foy SP, Shugars DA, Phillips C, Marciani RD, Conrad SM, White RP, Jr. The impact of 

intravenous antibiotics on health-related quality of life outcomes and clinical recovery after third 

molar surgery. J Oral Maxillofac Surg. 2004;62(1):15-21. 

21. Deepti C, Rehan HS, Mehra P. Changes in quality of life after surgical removal of impacted 

mandibular third molar teeth. Journal of maxillofacial and oral surgery. 2009;8(3):257-60. 

22. McGrath C, Comfort MB, Lo EC, Luo Y. Changes in life quality following third molar 

surgery--the immediate postoperative period. Br Dent J. 2003;194(5):265-8; discussion 1. 



204 
 

23. Akman Ş, Gögüs A, Sener N, Bilgiç B, Aksoy B, Seckin F. Effect of diclofenac sodium on 

union of tibial fractures in rats. Advances in Therapy. 2002;19(3):119-25. 

24. Allen HL, Wase A, Bear WT. Indomethacin and aspirin: effect of nonsteroidal anti-

inflammatory agents on the rate of fracture repair in the rat. Acta Orthopaedica Scandinavica. 

1980;51(4):595-600. 

25. Bergenstock M, Min W, Simon AM, Sabatino C, O'Connor JP. A comparison between the 

effects of acetaminophen and celecoxib on bone fracture healing rats. Journal of Orthopaedic 

Trauma. 2005;19(10):717-23. 

26. Bissinger O, Kreutzer K, Gotz C, Hapfelmeier A, Pautke C, Vogt S, et al. A biomechanical, 

micro-computertomographic and histological analysis of the influence of diclofenac and 

prednisolone on fracture healing in vivo. BMC musculoskeletal disorders. 2016;17(1):383. 

27. Brown KM, Saunders MM, Kirsch T, Donahue HJ, Reid JS. Effect of COX-2-specific 

inhibition on fracture-healing in the rat femur. Journal of Bone & Joint Surgery - American 

Volume. 2004;86(1):116-23. 

28. Gerstenfeld LC, Al-Ghawas M, Alkhiary YM, Cullinane DM, Krall EA, Fitch JL, et al. Selective 

and nonselective cyclooxygenase-2 inhibitors and experimental fracture-healing. Reversibility of 

effects after short-term treatment. Journal of Bone & Joint Surgery, American Volume. 

2007;89(1):114-25. 

29. Hogevold HE, Grogaard B, Reikeras O. Effects of short-term treatment with 

corticosteroids and indomethacin on bone healing. A mechanical study of osteotomies in rats. 

Acta Orthopaedica Scandinavica. 1992;63(6):607-11. 



205 
 

30. Huo MH, Troiano NW, Pelker RR, Gundberg CM, Friedlaender GE. The influence of 

ibuprofen on fracture repair: biomechanical, biochemical, histologic, and histomorphometric 

parameters in rats. Journal of Orthopaedic Research. 1991;9(3):383-90. 

31. Karachalios T, Boursinos L, Poultsides L, Khaldi L, Malizos KN. The effects of the short-term 

administration of low therapeutic doses of anti-COX-2 agents on the healing of fractures. An 

experimental study in rabbits. The Journal of bone and joint surgery British volume. 

2007;89(9):1253-60. 

32. Krischak GD, Augat P, Sorg T, Blakytny R, Kinzl L, Claes L, et al. Effects of diclofenac on 

periosteal callus maturation in osteotomy healing in an animal model. Archives of Orthopaedic 

& Trauma Surgery. 2007;127(1):3-9. 

33. Matsumoto MA, De Oliveira A, Ribeiro Junior PD, Nary Filho H, Ribeiro DA. Short-term 

administration of non-selective and selective COX-2 NSAIDs do not interfere with bone repair in 

rats. Journal of Molecular Histology. 2008;39(4):381-7. 

34. Reikeraas O, Engebretsen L. Effects of ketoralac tromethamine and indomethacin on 

primary and secondary bone healing. An experimental study in rats. Archives of Orthopaedic & 

Trauma Surgery. 1998;118(1):50-2. 

35. Sudmann E, Bang G. Indomethacin-induced inhibition of haversian remodelling in rabbits. 

Acta Orthop Scand. 1979;50(6 Pt 1):621-7. 

36. Bhandari M, Schemitsch EH. Bone formation following intramedullary femoral reaming is 

decreased by indomethacin and antibodies to insulin-like growth factors. Journal of Orthopaedic 

Trauma. 2002;16(10):717-22. 



206 
 

37. Bhattacharyya T, Levin R, Vrahas MS, Solomon DH. Nonsteroidal antiinflammatory drugs 

and nonunion of humeral shaft fractures. Arthritis and rheumatism. 2005;53(3):364-7. 

38. Burd TA, Hughes MS, Anglen JO. Heterotopic ossification prophylaxis with indomethacin 

increases the risk of long-bone nonunion. The Journal of bone and joint surgery British volume. 

2003;85(5):700-5. 

39. Giannoudis PV, MacDonald DA, Matthews SJ, Smith RM, Furlong AJ, De Boer P. Nonunion 

of the femoral diaphysis. The influence of reaming and non-steroidal anti-inflammatory drugs. 

The Journal of bone and joint surgery British volume. 2000;82(5):655-8. 

40. Marquez-Lara A, Hutchinson ID, Nunez F, Jr., Smith TL, Miller AN. Nonsteroidal Anti-

Inflammatory Drugs and Bone-Healing: A Systematic Review of Research Quality. JBJS reviews. 

2016;4(3). 

41. Curtis AM, Fagundes CT, Yang G, Palsson-McDermott EM, Wochal P, McGettrick AF, et al. 

Circadian control of innate immunity in macrophages by miR-155 targeting Bmal1. Proceedings 

of the National Academy of Sciences. 2015;112(23):7231-6. 

42. Curtis AM, Bellet MM, Sassone-Corsi P, O'Neill LA. Circadian clock proteins and immunity. 

Immunity. 2014;40(2):178-86. 

43. Silver AC, Arjona A, Walker WE, Fikrig E. The circadian clock controls toll-like receptor 9-

mediated innate and adaptive immunity. Immunity. 2012;36(2):251-61. 

44. Keller M, Mazuch J, Abraham U, Eom GD, Herzog ED, Volk HD, et al. A circadian clock in 

macrophages controls inflammatory immune responses. Proc Natl Acad Sci U S A. 

2009;106(50):21407-12. 



207 
 

45. Vgontzas AN, Bixler EO, Lin HM, Prolo P, Trakada G, Chrousos GP. IL-6 and its circadian 

secretion in humans. Neuroimmunomodulation. 2005;12(3):131-40. 

46. Koyanagi S, Kuramoto Y, Nakagawa H, Aramaki H, Ohdo S, Soeda S, et al. A molecular 

mechanism regulating circadian expression of vascular endothelial growth factor in tumor cells. 

Cancer research. 2003;63(21):7277-83. 

47. Hansson LI, Stenstrom A, Thorngren KG. Diurnal variation of longitudinal bone growth in 

the rabbit. Acta Orthop Scand. 1974;45(4):499-507. 

48. Ivaska KK, Kakonen SM, Gerdhem P, Obrant KJ, Pettersson K, Vaananen HK. Urinary 

osteocalcin as a marker of bone metabolism. Clin Chem. 2005;51(3):618-28. 

49. Kunimoto T, Okubo N, Minami Y, Fujiwara H, Hosokawa T, Asada M, et al. A PTH-

responsive circadian clock operates in ex vivo mouse femur fracture healing site. Sci Rep. 

2016;6:22409. 

50. Swanson CM, Kohrt WM, Buxton OM, Everson CA, Wright KP, Jr., Orwoll ES, et al. The 

importance of the circadian system & sleep for bone health. Metabolism. 2017. 

51. Iimura T, Nakane A, Sugiyama M, Sato H, Makino Y, Watanabe T, et al. A fluorescence 

spotlight on the clockwork development and metabolism of bone. J Bone Miner Metab. 

2012;30(3):254-69. 

52. Fujihara Y, Kondo H, Noguchi T, Togari A. Glucocorticoids mediate circadian timing in 

peripheral osteoclasts resulting in the circadian expression rhythm of osteoclast-related genes. 

Bone. 2014;61:1-9. 

53. Bruguerolle B, Labrecque G. Rhythmic pattern in pain and their chronotherapy. Advanced 

Drug Delivery Reviews. 2007;59(9-10):883-95. 



208 
 

54. Xu YQ, Zhang D, Jin T, Cai DJ, Wu Q, Lu Y, et al. Diurnal variation of hepatic antioxidant 

gene expression in mice. PLoS One. 2012;7(8):e44237. 

55. Na Y-R, Yoon Y-N, Son D-I, Seok S-H. Cyclooxygenase-2 Inhibition Blocks M2 Macrophage 

Differentiation and Suppresses Metastasis in Murine Breast Cancer Model. PLoS One. 

2013;8(5):e63451. 

56. Levi F. From circadian rhythms to cancer chronotherapeutics. Chronobiology 

international. 2002;19(1):1-19. 

57. Levi F, Le Louarn C, Reinberg A. Timing optimizes sustained-release indomethacin 

treatment of osteoarthritis. Clinical pharmacology and therapeutics. 1985;37(1):77-84. 

58. Levi F, Okyar A. Circadian clocks and drug delivery systems: impact and opportunities in 

chronotherapeutics. Expert Opin Drug Deliv. 2011;8(12):1535-41. 

59. Labrecque G, Bureau JP, Reinberg AE. Biological rhythms in the inflammatory response 

and in the effects of non-steroidal anti-inflammatory drugs. Pharmacology & Therapeutics. 

1995;66(2):285-300. 

60. Labrecque N, Cermakian N. Circadian Clocks in the Immune System. Journal of biological 

rhythms. 2015;30(4):277-90. 

61. Halberg F. Chronobiology and its promise for health care and environmental integrity. 

International journal of chronobiology. 1973;1(1):10-4. 

62. Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian gene expression 

atlas in mammals: implications for biology and medicine. Proc Natl Acad Sci U S A. 

2014;111(45):16219-24. 



209 
 

63. Hoyle NP, Seinkmane E, Putker M, Feeney KA, Krogager TP, Chesham JE, et al. Circadian 

actin dynamics drive rhythmic fibroblast mobilization during wound healing. Sci Transl Med. 

2017;9(415). 

64. Montaigne D, Marechal X, Modine T, Coisne A, Mouton S, Fayad G, et al. Daytime variation 

of perioperative myocardial injury in cardiac surgery and its prevention by Rev-Erbalpha 

antagonism: a single-centre propensity-matched cohort study and a randomised study. Lancet 

(London, England). 2017. 

65. Mehra P, Reebye U, Nadershah M, Cottrell D. Efficacy of anti-inflammatory drugs in third 

molar surgery: a randomized clinical trial. Int J Oral Maxillofac Surg. 2013;42(7):835-42. 

66. Whitehead AL, Julious SA, Cooper CL, Campbell MJ. Estimating the sample size for a pilot 

randomised trial to minimise the overall trial sample size for the external pilot and main trial for 

a continuous outcome variable. Statistical methods in medical research. 2016;25(3):1057-73. 

67. Cable EJ, Onishi KG, Prendergast BJ. Circadian rhythms accelerate wound healing in 

female Siberian hamsters. Physiol Behav. 2017;171:165-74. 

68. Chan AW, Tetzlaff JM, Altman DG, Laupacis A, Gotzsche PC, Krle AJK, et al. SPIRIT 2013 

Statement: defining standard protocol items for clinical trials. Revista panamericana de salud 

publica = Pan American journal of public health. 2015;38(6):506-14. 

 

  



210 
 

9 Discussion and conclusion 

In this section, I discuss the rationale of the project providing an overview of the previous 

knowledge about circadian rhythm and NSAID therapy after bone fracture. Then, I describe the 

results from my project and their contribution to the existing literature. Finally, I address the 

study’s limitations, future directions, conclusions and the clinical implications. 

 

9.1 Rationale 

The goal of my Ph.D project is to investigate a new, simpler treatment approach to enhance the 

analgesic efficacy of NSAID and overcome their potential side effects on healing outcomes based 

on the circadian rhythm. To address this goal, I used an interdisciplinary approach which included 

a systematic review and meta-analysis, animal experiments and a protocol for a RCT. From a 

methodological perspective, it is very challenging to understand the impact of NSAID 

administration on fracture bone healing in a clinical setup only; several additional factors may 

affect bone healing (e.g., diabetes, smoking, obesity) making it difficult to establish the effect of 

NSAID on bone healing in human subjects (92). Animal studies help us to understand the normal 

bone healing physiological process, providing insight on the effect of NSAID in this process due 

to the possibility of controlling on the environment (60). However, this type of studies have their 

own challenges including the choice of specific healing outcome and different animal models, 

ages, or types and doses of NSAID. 

Therefore, in my first paper I conducted a systematic review and meta-analysis of animal studies 

that investigate the effect of NSAID administration on bone healing. Based on this review, I 

designed a series of animal experiments aiming to investigate the effect of NSAIDs administration 
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on bone healing and its outcomes.  Using the results of these experiments,  I then develop a RCT 

protocol in human to test the timing of NSAIDs administration after third molar surgery involving 

bone subjects. 

9.2 Summary of the research  

9.2.1 Systematic Review and meta-analysis 

The results of our systematic review and meta-analysis demonstrated a significantly negative 

effect of NSAID administration on mechanical bending and bone microstructure properties in 

comparison to control groups. Moreover, the negative effect of NSAID was not significant in mice, 

young or female animals. Also, our work identified the need for more controlled experimental 

studies that overcome the risk of bias and report key information such as randomization 

measures and sample size calculations. In addition, we observed that all the included studies 

tested the effect of NSAID on bone healing only in either male or female animals. Moreover, 

previous systematic reviews on the subject did not formulate a precise research question with 

specific outcomes, and none included a meta-analysis or risk of bias assessment that would help 

future hypothesis generation and study design (6, 57, 92, 230).  

Therefore, my first project indicated the need to conduct more controlled and high-quality pre-

clinical animal studies regarding the effect of NSAID on bone healing. The control measures 

should include housing randomization, blindness and randomization of outcome measurements 

considering the timing of NSAID administration. The existence of the circadian rhythm and the 

effect of circadian clock genes on endochondral ossification, pain and behavioural activity have 

been proved (128). Therefore, there is a need to add in the guidelines of PRISMA checklist and 

ARRIVE (Animal Research: Reporting of In Vivo Experiments), the reporting of the timing of drug 
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administration, outcome measurements and sample collection. This will facilitate the planning of 

future studies and knowledge translation into the clinical setting.  

 

9.2.2 Pre-clinical studies: animal experiments investigating the effect of NSAID 

and the circadian rhythm on bone healing  

We observed a significant modulation of the inflammation and immune response along with the 

circadian clock pathways and their genes. Some genes were downregulated while others were 

upregulated. While these findings are interesting, they need to be validated by using quantitative 

PCR in future studies. Nevertheless, our study provides the first evidence from microarray gene 

expression and cytokine analysis of early bone healing events after NSAID administration at a 

different time of the day. Post-surgical NSAID administration during activity time has a significant 

effect on the expression of specific genes and pathways. Addressing the circadian clock by NSAID 

chronotherapy could be an important approach to stimulate healing after bone surgery. Drugging 

the clock components by certain drugs have been investigated by in vivo studies in the treatment 

of cancer, inflammatory diseases and metabolic disorders and have been found beneficial (231). 

One of the rare studies to investigate gene expression in relation to the use of NSAIDs showed 

that their administration is associated with the upregulation of four genes in anti-cancer therapy. 

Among the genes expresses is Per2, suggesting that some NSAID effect might be mediated by 

COX / PG independent pathways (232). Our findings concur with these results; we found that 

timing of NSAID administration after bone fracture surgery affect Per2 gene expression. There is 

a need for further studies about the effect of NSAIDs on independent pathways and how it can 

help the healing process. 
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Our doses are pharmacologically accepted and, although the number of animals in our study is 

small, our findings support the testing of NSAID chronotherapy in in-vivo models and RCT. 

As discussed above, the effect of NSAID administration on bone healing outcomes can vary 

according to the administration time. It has been demonstrated that certain hormones or 

medications when they applied in different ways can have a different action on bone healing or 

hemostasis with anabolic or catabolic activity, mainly through parathyroid hormone and Wnt 

signalling along with the role of sclerostin and its gene SOST. For example, parathyroid hormone 

has a dual effect if it is administered continuously it works on the RANKL/OPG ratio action or 

intermittently it may work on SOST/ sclerostin (22).  My Ph.D project added another aspect of 

dual action for NSAIDs depends on the time of administration, despite that this needs to be 

investigated further with other pain control medications such as acetominaphine, opioid and 

other types of NSAIDs, in addition to different surgical models. 

Giving support to the chronotherapy hypothesis, studies have also shown that the time of the 

day of injury or surgery is vital for healing outcomes. For example, it influences side effects, 

especially after skin wound or burn, and heart surgeries (166, 167, 233).  

Our promising results along with those from other groups, demonstrate how circadian factors 

associated with drug administration or surgery time are essential for wound healing. By taking 

these factors into account, we could identify novel drug targets and also increase the 

effectiveness of established therapies by changing the time of day at which existing medications 

are given.  
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9.2.3 Protocol development for randomized controlled trial 

Findings from our preclinical studies demonstrate that NSAID commonly prescribed for pain after 

bone fracture surgeries are more useful for both pain reduction and bone healing when used 

chrono-therapeutically. These findings have a potential clinical significance considering the large 

number of bone-related surgeries performed in Canada and worldwide annually. As only one 

example, 51,272 and 61,421 Canadians underwent hip and knee replacement surgeries, 

respectively, in 2014-15 and these surgeries are greatly on the rise (5-year increases of 20.0% 

and 20.3%, respectively) (234). However, the current evidence is too limited to allow the design 

of treatment guidelines based on this promising approach. Therefore, in my Ph.D project I 

continued on the knowledge translation path by preparing and starting a pilot RCT to investigate 

a new protocol of NSAID administration after minor surgery involving bone removal in humans 

based on the circadian rhythm concept. 

The extraction of third molars, commonly known as wisdom teeth, is one of the most frequent 

oral surgical procedures worldwide. Although no Canada-wide data are available for this surgery 

(235), approximately 5 and 1 million third molar extractions are performed annually in the USA 

and UK, respectively (225, 236, 237). Because it often requires bone removal and leads to a broad 

range of postoperative discomforts and complications, NSAID are routinely prescribed after this 

surgical procedure to manage postoperative pain. These key features make third molar 

extraction an ideal procedure to test the hypothesis that chronotherapy affects the bone healing 

process.  

Our double-blind pilot RCT is being carried out at JUST. The study, registered in the 

ClinicalTrials.gov clinical trials registry (No. NCT03789058), has allowed us to assess the feasibility 
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of study procedures, as well as recruitment and loss to follow-up rates. The pilot trial started in 

June 2018 and finished in May 2019 when we begin the data analysis. Although the sample size 

of the trial is small, this is a pilot study and will provide us with a good estimation for sample size 

of a future RCT testing these hypotheses. This work holds a definite potential for the 

development of treatment guidelines and therefore, for evidence-based change in the clinical 

management of post-operative pain and inflammation not only for third molar extraction but for 

all medical interventions involving bone healing. 

9.3 Strengths and Limitations 

Several limitations of this work should be considered. For manuscript 1, the meta-analysis of 

previous experimental studies did not include healing outcomes other than bone fracture (e.g., 

pain behaviour). The measurements of pain behaviour are subjective and depend on the 

interpretation of the examiner, which may lead to high heterogeneity among the studies. For this 

reason, I included studies that measure more objective outcomes of bone healing such as 

mechanical bending, µ-CT and histological variables. However, the systematic review and meta-

analysis benefits from several strengths. First, this is the first review conducted on the 

administration of NSAIDs on animal bone healing. This rigorous work, conducted in collaboration 

with the liaison librarian for Life Sciences at McGill University, allowed the synthesis of the 

extensive literature published on the subject. In addition to identifying key factors influencing 

the effect of NSAIDs administration on the healing process, we also uncovered a notable 

knowledge gap: none of the included studies tested the effect of NSAID chronotherapy on post-

surgical pain and bone healing, or even reported the time of day at which NSAID were 

administered or the time (day or night) that surgery was performed. Moreover, this work 
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revealed the existence of important methodological and/or reporting issues in this body of 

literature that needs to be addressed in future research.  

The knowledge gap identified in manuscript 1 was addressed in the series of animal studies 

described in manuscript 2.  However, these pre-clinical experiments have several limitations. 

First, we measure bone healing outcomes only at one-time point (14 days after surgery), which 

represents the time when complete hard callus is formed, and it can give us a good indication for 

the effect of NSAID on early bone healing. Indeed, Singh et al. in 2011 noted that there is a high 

inhibition COX-2 enzyme in the fracture site after injury at the baseline; there will be impairment 

of the healing (238). While we did not measure PGE and COX enzymes before and after fracture 

or NSAID administration, we randomized the treatment groups and performed the drug 

administration of all animals at the same time of the day according to their allocated 

experimental group. Moreover, future studies from our group have been planned to follow the 

effect of NSAIDs chronotherapy at different time points.  

A second limitation regards to testing only one type of NSAIDs’, a long-acting NSAID (carprofen), 

and not ibuprofen which is the most commonly used NSAID. This choice was based on several 

factors: first, my main objective was to test the timing of NSAID administration at the beginning 

of the activity period of the animal in comparison to resting on fracture bone healing. Since the 

carprofen half-life is 10 hours, I was able to administer it either in the morning or the evening, 

depending on the experimental group to achieve the effective concentration for animal pain 

control after the surgery. In contrast, Ibuprofen has a short half-life of just 2.5 hours and requires 

continuous administration in the water or the food of the animal for 2-3 days before the surgery, 

which is incompatible with the objective of my study.  



217 
 

Despite these limitations, the design of these pre-clinical study was carefully planned including 

the carefully selected animal model (mice with deficient in melatonin), the number of 

experiments conducted and their complementarity in terms of variables tested (timing of bone 

fracture, timing of NSAID administration) and outcomes examined (bone fracture pain and 

recovery, systemic inflammation, gene expression).  

Finally, the RCT protocol presented in manuscript 3 and currently being conducted at JUST is a 

further step in generating solid evidence to bring the benefits of chronotherapy to patients. As 

such, its first strength is to build on solid preliminary work that I previously conducted with my 

colleagues. The proposal includes several methods to protect against sources of bias (e.g., 

random assignment to study groups, double blinding with RCT logistics run by a third party, 

identical appearance of NSAIDs and placebo tablets) and investigates several pain and healing 

outcomes (self-reported pain, healing indicators, blood level of C-reactive protein). Furthermore, 

this trial is sufficiently powered to provide preliminary data, in addition to critical feasibility 

information, to design a confirmatory multicentric RCT. 

9.4 Public health implications 

Bone-related surgeries are common medical procedures for millions around the world at an 

annual cost that can reach to billions. My PhD project contributes to the public health by 

providing solid evidence across the research continuum, from synthesizing what is already known 

in the literature to better design my animal experiments that provide evidence to finally conduct 

a RCT.  If the findings from our preclinical studies are confirmed in the RCT, NSAID chronotherapy 

could improve the management of post-operative pain and inflammation for bone-related 
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surgical interventions without affecting the type of drugs currently used or increasing treatment 

costs. 

9.5 Future research directions   

To test the NSAIDs chronotherapy effect after surgery in a mouse model with knockout clock 

genes and see the difference in the healing outcomes to wild animals. It will be important to test 

our hypothesis in a clinical surgical model that allows for collecting bone healing samples and 

tissue like early implant placement after extraction and soft tissue healing. Moreover, planning 

for future collaboration with medical research groups to conduct multicenter RCT.  

To maximize the impact of the results; one of our main knowledge translation aims will be to 

inform professional organizations (e.g., Canadian Dental Association, Ordre des dentistes du 

Québec, Canadian Orthopaedic Association) and assist them in the development of optimized 

treatment guidelines concerning NSAID administration following surgery involving the bone. 
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10 Conclusion 

• The Systematic review and meta-analysis data demonstrated that NSAID administration 

decreases the biomechanical properties of healing bone after fracture surgery in 

comparison to the control group. Moreover, the larger negative effect was in the 

fractured tibia, female animals and when the time of assessment was before 21days. 

• Results from pre-clinical experiments demonstrated that NSAID chronotherapy can 

substantially improve postoperative recovery. 

• NSAID administration upon active phase after bone surgery in mice promotes post-

operative recovery & bone healing in comparison to the administration during the resting 

phase.  

• Several inflammatory mediators & genes especially clock gene (Per 2) had been expressed 

differently in the group receiving the NSAID upon active phase in comparison to those 

receiving the same treatment in the resting phase. 

  



220 
 

11 References 

1. Billette J-M, Janz T. Injuries in Canada: insights from the Canadian Community Healthy 

Survey: Statistics Canada; 2011. 

2. Cosman F, de Beur SJ, LeBoff MS, Lewiecki EM, Tanner B, Randall S, et al. Erratum to: 

Clinician's guide to prevention and treatment of osteoporosis. Osteoporos Int. 2015;26(7):2045-

7. 

3. Hak DJ, Fitzpatrick D, Bishop JA, Marsh JL, Tilp S, Schnettler R, et al. Delayed union and 

nonunions: epidemiology, clinical issues, and financial aspects. Injury. 2014;45 Suppl 2:S3-7. 

4. Baldwin K, Yannascoli SM, Namdari S, Spiegel DA, Keenan MA. What's new in orthopaedic 

rehabilitation. The Journal of bone and joint surgery American volume. 2013;95(22):2071-7. 

5. Pountos I, Georgouli T, Blokhuis TJ, Pape HC, Giannoudis PV. Pharmacological agents and 

impairment of fracture healing: what is the evidence? Injury. 2008;39(4):384-94. 

6. Pountos I, Georgouli T, Calori GM, Giannoudis PV. Do nonsteroidal anti-inflammatory 

drugs affect bone healing? A critical analysis. Thescientificworldjournal. 2012;2012:606404. 

7. Mathiesen O, Wetterslev J, Kontinen VK, Pommergaard HC, Nikolajsen L, Rosenberg J, et 

al. Adverse effects of perioperative paracetamol, NSAIDs, glucocorticoids, gabapentinoids and 

their combinations: a topical review. Acta anaesthesiologica Scandinavica. 2014;58(10):1182-98. 

8. Webster BS, Verma SK, Gatchel RJ. Relationship between early opioid prescribing for 

acute occupational low back pain and disability duration, medical costs, subsequent surgery and 

late opioid use. Spine (Phila Pa 1976). 2007;32(19):2127-32. 



221 
 

9. Altman RD, Latta LL, Keer R, Renfree K, Hornicek FJ, Banovac K. Effect of nonsteroidal 

antiinflammatory drugs on fracture healing: a laboratory study in rats. Journal of Orthopaedic 

Trauma. 1995;9(5):392-400. 

10. Jain NX, Barr-Gillespie AE, Clark BD, Kietrys DM, Wade CK, Litvin J, et al. Bone loss from 

high repetitive high force loading is prevented by ibuprofen treatment. Journal of 

Musculoskeletal Neuronal Interactions. 2014;14(1):78-94. 

11. Simon AM, O'Connor JP, Simon AM, O'Connor JP. Dose and time-dependent effects of 

cyclooxygenase-2 inhibition on fracture-healing. Journal of Bone & Joint Surgery, American 

Volume. 2007;89(3):500-11. 

12. Crofford LJ. Use of NSAIDs in treating patients with arthritis. Arthritis research & therapy. 

2013;15 Suppl 3:S2. 

13. Scheiermann C, Kunisaki Y, Frenette PS. Circadian control of the immune system. Nature 

reviews Immunology. 2013;13(3):190-8. 

14. Collins A, Cashman KD, Kiely M. Phylloquinone (vitamin K1) intakes and serum 

undercarboxylated osteocalcin levels in Irish postmenopausal women. The British journal of 

nutrition. 2006;95(5):982-8. 

15. Tzioupis C, Giannoudis PV. Prevalence of long-bone non-unions. Injury. 2007;38 Suppl 

2:S3-9. 

16. Tay WH, de Steiger R, Richardson M, Gruen R, Balogh ZJ. Health outcomes of delayed 

union and nonunion of femoral and tibial shaft fractures. Injury. 2014;45(10):1653-8. 

17. Braithwaite RS, Col NF, Wong JB. Estimating hip fracture morbidity, mortality and costs. J 

Am Geriatr Soc. 2003;51(3):364-70. 



222 
 

18. Zura R, Xiong Z, Einhorn T, et al. Epidemiology of fracture nonunion in 18 human bones. 

JAMA Surgery. 2016;151(11):e162775. 

19. McPhail SM, Dunstan J, Canning J, Haines TP. Life impact of ankle fractures: qualitative 

analysis of patient and clinician experiences. BMC musculoskeletal disorders. 2012;13:224-. 

20. van der Sluis CK, Eisma WH, Groothoff JW, ten Duis HJ. Long-term physical, psychological 

and social consequences of a fracture of the ankle. Injury. 1998;29(4):277-80. 

21. Lisowska B, Kosson D, Domaracka K. Lights and shadows of NSAIDs in bone healing: the 

role of prostaglandins in bone metabolism. Drug Design, Development and Therapy. 

2018;12:1753-8. 

22. Silva BC, Bilezikian JP. Parathyroid hormone: anabolic and catabolic actions on the 

skeleton. Curr Opin Pharmacol. 2015;22:41-50. 

23. Schindeler A, McDonald MM, Bokko P, Little DG. Bone remodeling during fracture repair: 

The cellular picture. Seminars in cell & developmental biology. 2008;19(5):459-66. 

24. Einhorn TA. The cell and molecular biology of fracture healing. Clin Orthop Relat Res. 

1998(355 Suppl):S7-21. 

25. Dimitriou R, Tsiridis E, Giannoudis PV. Current concepts of molecular aspects of bone 

healing. Injury. 2005;36(12):1392-404. 

26. Tsiridis E, Upadhyay N, Giannoudis P. Molecular aspects of fracture healing: which are the 

important molecules? Injury. 2007;38 Suppl 1:S11-25. 

27. Giannoudis PV, Hak D, Sanders D, Donohoe E, Tosounidis T, Bahney C. Inflammation, Bone 

Healing, and Anti-Inflammatory Drugs: An Update. J Orthop Trauma. 2015;29 Suppl 12:S6-9. 



223 
 

28. Gibon E, Lu L, Goodman SB. Aging, inflammation, stem cells, and bone healing. Stem Cell 

Res Ther. 2016;7:44. 

29. Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and interventions. Nat Rev 

Rheumatol. 2015;11(1):45-54. 

30. Einhorn TA, Majeska RJ, Rush EB, Levine PM, Horowitz MC. The expression of cytokine 

activity by fracture callus. Journal of bone and mineral research : the official journal of the 

American Society for Bone and Mineral Research. 1995;10(8):1272-81. 

31. Gerstenfeld LC, Al-Ghawas M, Alkhiary YM, Cullinane DM, Krall EA, Fitch JL, et al. Selective 

and nonselective cyclooxygenase-2 inhibitors and experimental fracture-healing. Reversibility of 

effects after short-term treatment. The Journal of bone and joint surgery American volume. 

2007;89(1):114-25. 

32. Gerstenfeld LC, Cho TJ, Kon T, Aizawa T, Cruceta J, Graves BD, et al. Impaired 

intramembranous bone formation during bone repair in the absence of tumor necrosis factor-

alpha signaling. Cells, tissues, organs. 2001;169(3):285-94. 

33. Giannoudis PV, Einhorn TA, Marsh D. Fracture healing: the diamond concept. Injury. 

2007;38 Suppl 4:S3-6. 

34. Kon T, Cho TJ, Aizawa T, Yamazaki M, Nooh N, Graves D, et al. Expression of 

osteoprotegerin, receptor activator of NF-kappaB ligand (osteoprotegerin ligand) and related 

proinflammatory cytokines during fracture healing. Journal of bone and mineral research : the 

official journal of the American Society for Bone and Mineral Research. 2001;16(6):1004-14. 

35. Cho TJ, Gerstenfeld LC, Einhorn TA. Differential temporal expression of members of the 

transforming growth factor beta superfamily during murine fracture healing. Journal of bone and 



224 
 

mineral research : the official journal of the American Society for Bone and Mineral Research. 

2002;17(3):513-20. 

36. Gerstenfeld LC, Thiede M, Siebert K, Mielke C, Phippard D, Svagr B, et al. Differential 

inhibition of fracture healing by non-selective and cyclooxygenase-2 selective non-steroidal anti-

inflammatory drugs. Journal of Orthopaedic Research. 2003;21(4):670-5. 

37. Gerstenfeld LC, Al-Ghawas M, Alkhiary YM, Cullinane DM, Krall EA, Fitch JL, et al. Selective 

and nonselective cyclooxygenase-2 inhibitors and experimental fracture-healing. Reversibility of 

effects after short-term treatment. Journal of Bone & Joint Surgery, American Volume. 

2007;89(1):114-25. 

38. Schmidt-Bleek K, Schell H, Lienau J, Schulz N, Hoff P, Pfaff M, et al. Initial immune reaction 

and angiogenesis in bone healing. Journal of tissue engineering and regenerative medicine. 

2014;8(2):120-30. 

39. Serhan CN, Savill J. Resolution of inflammation: the beginning programs the end. Nat 

Immunol. 2005;6(12):1191-7. 

40. Wu AC, Raggatt LJ, Alexander KA, Pettit AR. Unraveling macrophage contributions to bone 

repair. BoneKEy reports. 2013;2. 

41. Cho SW. Role of osteal macrophages in bone metabolism. Journal of pathology and 

translational medicine. 2015;49(2):102-4. 

42. Choi SR, Lee SA, Kim YJ, Ok CY, Lee HJ, Hahm KB. Role of heat shock proteins in gastric 

inflammation and ulcer healing. J Physiol Pharmacol. 2009;60 Suppl 7:5-17. 

43. Scheiermann C, Kunisaki Y, Lucas D, Chow A, Jang JE, Zhang D, et al. Adrenergic nerves 

govern circadian leukocyte recruitment to tissues. Immunity. 2012;37(2):290-301. 



225 
 

44. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and the Th1/Th2 

paradigm. Journal of immunology (Baltimore, Md : 1950). 2000;164(12):6166-73. 

45. Kaur S, Raggatt LJ, Batoon L, Hume DA, Levesque JP, Pettit AR. Role of bone marrow 

macrophages in controlling homeostasis and repair in bone and bone marrow niches. Seminars 

in cell & developmental biology. 2017;61:12-21. 

46. Snyder RJ, Lantis J, Kirsner R, Shah V, Molyneaux M, Carter MJ. Macrophages: A Review 

of Their Role in Wound Healing and Their Therapeutic Use. Wound repair and regeneration : 

official publication of the Wound Healing Society [and] the European Tissue Repair Society. 2016. 

47. Zhao Z, Hou X, Yin X, Li Y, Duan R, Boyce BF, et al. TNF Induction of NF-kappaB RelB 

Enhances RANKL-Induced Osteoclastogenesis by Promoting Inflammatory Macrophage 

Differentiation but also Limits It through Suppression of NFATc1 Expression. PLoS One. 

2015;10(8):e0135728. 

48. Nicolaidou V, Wong MM, Redpath AN, Ersek A, Baban DF, Williams LM, et al. Monocytes 

induce STAT3 activation in human mesenchymal stem cells to promote osteoblast formation. 

PLoS One. 2012;7(7):e39871. 

49. Horwood NJ. Macrophage Polarization and Bone Formation: A review. Clinical reviews in 

allergy & immunology. 2016;51(1):79-86. 

50. Tasso R, Ulivi V, Reverberi D, Lo Sicco C, Descalzi F, Cancedda R. In vivo implanted bone 

marrow-derived mesenchymal stem cells trigger a cascade of cellular events leading to the 

formation of an ectopic bone regenerative niche. Stem cells and development. 

2013;22(24):3178-91. 



226 
 

51. Na YR, Yoon YN, Son D, Jung D, Gu GJ, Seok SH. Consistent inhibition of cyclooxygenase 

drives macrophages towards the inflammatory phenotype. PLoS One. 2015;10(2):e0118203. 

52. Lu LY, Loi F, Nathan K, Lin TH, Pajarinen J, Gibon E, et al. Pro-inflammatory M1 

macrophages promote Osteogenesis by mesenchymal stem cells via the COX-2-prostaglandin E2 

pathway. Journal of orthopaedic research : official publication of the Orthopaedic Research 

Society. 2017. 

53. Edderkaoui B. Potential Role of Chemokines in Fracture Repair. Front Endocrinol 

(Lausanne). 2017;8:39. 

54. Loi F, Cordova LA, Pajarinen J, Lin TH, Yao Z, Goodman SB. Inflammation, fracture and 

bone repair. Bone. 2016;86:119-30. 

55. O'Connor JP, Manigrasso MB, Kim BD, Subramanian S. Fracture healing and lipid 

mediators. BoneKEy reports. 2014;3:517. 

56. Carson PA, O'Connor CM, Miller AB, Anderson S, Belkin R, Neuberg GW, et al. Circadian 

rhythm and sudden death in heart failure: results from Prospective Randomized Amlodipine 

Survival Trial. Journal of the American College of Cardiology. 2000;36(2):541-6. 

57. Cottrell J, O'Connor JP. Effect of Non-Steroidal Anti-Inflammatory Drugs on Bone Healing. 

Pharmaceuticals (Basel, Switzerland). 2010;3(5):1668-93. 

58. Cottrell JA, Keshav V, Mitchell A, O'Connor JP. Local inhibition of 5-lipoxygenase enhances 

bone formation in a rat model. Bone & joint research. 2013;2(2):41-50. 

59. Lin HN, Cottrell J, O'Connor JP. Variation in lipid mediator and cytokine levels during 

mouse femur fracture healing. Journal of orthopaedic research : official publication of the 

Orthopaedic Research Society. 2016;34(11):1883-93. 



227 
 

60. O'Connor AM, Sargeant JM. Critical appraisal of studies using laboratory animal models. 

ILAR journal. 2014;55(3):405-17. 

61. O'Connor JP, Capo JT, Tan V, Cottrell JA, Manigrasso MB, Bontempo N, et al. A comparison 

of the effects of ibuprofen and rofecoxib on rabbit fibula osteotomy healing. Acta Orthopaedica. 

2009;80(5):597-605. 

62. O'Connor JP, Lysz T. Celecoxib, NSAIDs and the skeleton. Drugs of Today. 2008;44(9):693-

709. 

63. O'Connor JP, Simon AM, Manigrasso MB. Cyclooxygenase-2 function is essential for bone 

fracture healing. Inflammopharmacology. 2003;11(4):541-3. 

64. Simon AM, Manigrasso MB, O'Connor JP. Cyclo-oxygenase 2 function is essential for bone 

fracture healing. Journal of Bone & Mineral Research. 2002;17(6):963-76. 

65. Su B, O'Connor JP. NSAID therapy effects on healing of bone, tendon, and the enthesis. 

Journal of Applied Physiology. 2013;115(6):892-9. 

66. Tan V, Parsons JR, O'Connor JP, Manigrasso MB, Capo JT, Cottrell JA, et al. A comparison 

of the effects of ibuprofen and rofecoxib on rabbit fibula osteotomy healing. Acta Orthopaedica. 

2009;80(5):597-605. 

67. Zhang X, Schwarz EM, Young DA, Edward Puzas J, Rosier RN, O'Keefe RJ. Cyclooxygenase-

2 regulates mesenchymal cell differentiation into the osteoblast lineage and is critically involved 

in bone repair. Journal of Clinical Investigation. 2002;109(11):1405-15. 

68. Blackwell KA, Raisz LG, Pilbeam CC. Prostaglandins in bone: bad cop, good cop? Trends in 

endocrinology and metabolism: TEM. 2010;21(5):294-301. 



228 
 

69. Xie C, Ming X, Wang Q, Schwarz EM, Guldberg RE, O'Keefe RJ, et al. COX-2 from the injury 

milieu is critical for the initiation of periosteal progenitor cell mediated bone healing. Bone. 

2008;43(6):1075-83. 

70. Zhang C, Xie Q, Anderson RG, Ng G, Seitz NC, Peterson T, et al. Crosstalk between the 

circadian clock and innate immunity in Arabidopsis. PLoS Pathog. 2013;9(6):e1003370. 

71. van Esch RW, Kool MM, van As S. NSAIDs can have adverse effects on bone healing. Med 

Hypotheses. 2013;81(2):343-6. 

72. Ahluwalia A, Tarnawski AS. Critical role of hypoxia sensor--HIF-1alpha in VEGF gene 

activation. Implications for angiogenesis and tissue injury healing. Current Medicinal Chemistry. 

2012;19(1):90-7. 

73. Mehra P, Reebye U, Nadershah M, Cottrell D. Efficacy of anti-inflammatory drugs in third 

molar surgery: a randomized clinical trial. Int J Oral Maxillofac Surg. 2013;42(7):835-42. 

74. Abdul-Hadi O, Parvizi J, Austin MS, Viscusi ER, Einhorn TA. Nonsteroidal anti-inflammatory 

drugs in orthopaedics. Instructional course lectures. 2010;59:607-17. 

75. Pirmohamed M, James S, Meakin S, Green C, Scott AK, Walley TJ, et al. Adverse drug 

reactions as cause of admission to hospital: prospective analysis of 18 820 patients. Bmj. 

2004;329(7456):15-9. 

76. Lisowska B, Kosson D, Domaracka K. Positives and negatives of nonsteroidal anti-

inflammatory drugs in bone healing: the effects of these drugs on bone repair. Drug Design, 

Development and Therapy. 2018;12:1809-14. 

77. Bo J, Sudmann E, Marton PF. Effect of indomethacin on fracture healing in rats. Acta 

Orthop Scand. 1976;47(6):588-99. 



229 
 

78. Naik AA, Xie C, Zuscik MJ, Kingsley P, Schwarz EM, Awad H, et al. Reduced COX-2 

expression in aged mice is associated with impaired fracture healing. Journal of bone and mineral 

research : the official journal of the American Society for Bone and Mineral Research. 

2009;24(2):251-64. 

79. Brown KM, Saunders MM, Kirsch T, Donahue HJ, Reid JS. Effect of COX-2-specific 

inhibition on fracture-healing in the rat femur. Journal of Bone & Joint Surgery - American 

Volume. 2004;86(1):116-23. 

80. Karachalios T, Boursinos L, Poultsides L, Khaldi L, Malizos KN. The effects of the short-term 

administration of low therapeutic doses of anti-COX-2 agents on the healing of fractures. An 

experimental study in rabbits. The Journal of bone and joint surgery British volume. 

2007;89(9):1253-60. 

81. Spiro AS, Beil FT, Baranowsky A, Barvencik F, Schilling AF, Nguyen K, et al. BMP-7-induced 

ectopic bone formation and fracture healing is impaired by systemic NSAID application in 

C57BL/6-mice. Journal of Orthopaedic Research. 2010;28(6):785-91. 

82. Sudmann E, Bang G. Indomethacin-induced inhibition of haversian remodelling in rabbits. 

Acta Orthop Scand. 1979;50(6 Pt 1):621-7. 

83. Utvag SE, Fuskevag OM, Shegarfi H, Reikeras O. Short-term treatment with COX-2 

inhibitors does not impair fracture healing. Journal of Investigative Surgery. 2010;23(5):257-61. 

84. Matsumoto MA, De Oliveira A, Ribeiro Junior PD, Nary Filho H, Ribeiro DA. Short-term 

administration of non-selective and selective COX-2 NSAIDs do not interfere with bone repair in 

rats. Journal of Molecular Histology. 2008;39(4):381-7. 



230 
 

85. Murnaghan M, Li G, Marsh DR, Murnaghan M, Li G, Marsh DR. Nonsteroidal anti-

inflammatory drug-induced fracture nonunion: an inhibition of angiogenesis? Journal of Bone & 

Joint Surgery, American Volume. 2006;88:140-7. 

86. Nagano A, Arioka M, Takahashi-Yanaga F, Matsuzaki E, Sasaguri T. Celecoxib inhibits 

osteoblast maturation by suppressing the expression of Wnt target genes. Journal of 

Pharmacological Sciences. 2017;133(1):18-24. 

87. Burd TA, Hughes MS, Anglen JO. Heterotopic ossification prophylaxis with indomethacin 

increases the risk of long-bone nonunion. The Journal of bone and joint surgery British volume. 

2003;85(5):700-5. 

88. Moore KD, Goss K, Anglen JO. Indomethacin versus radiation therapy for prophylaxis 

against heterotopic ossification in acetabular fractures: a randomised, prospective study. The 

Journal of bone and joint surgery British volume. 1998;80(2):259-63. 

89. Gebuhr P, Wilbek H, Soelberg M. Naproxen for 8 days can prevent heterotopic ossification 

after hip arthroplasty. Clin Orthop Relat Res. 1995(314):166-9. 

90. Giannoudis PV, MacDonald DA, Matthews SJ, Smith RM, Furlong AJ, De Boer P. Nonunion 

of the femoral diaphysis. The influence of reaming and non-steroidal anti-inflammatory drugs. 

The Journal of bone and joint surgery British volume. 2000;82(5):655-8. 

91. Adolphson P, Abbaszadegan H, Jonsson U, Dalen N, Sjoberg HE, Kalen S. No effects of 

piroxicam on osteopenia and recovery after Colles' fracture. A randomized, double-blind, 

placebo-controlled, prospective trial. Archives of orthopaedic and trauma surgery. 

1993;112(3):127-30. 



231 
 

92. Marquez-Lara A, Hutchinson ID, Nunez F, Jr., Smith TL, Miller AN. Nonsteroidal Anti-

Inflammatory Drugs and Bone-Healing: A Systematic Review of Research Quality. JBJS reviews. 

2016;4(3). 

93. Jain NX, Barr-Gillespie AE, Clark BD, Kietrys DM, Wade CK, Litvin J, et al. Bone loss from 

high repetitive high force loading is prevented by ibuprofen treatment. Journal of 

musculoskeletal & neuronal interactions. 2014;14(1):78-94. 

94. Alves CJ, Neto E, Sousa DM, Leitao L, Vasconcelos DM, Ribeiro-Silva M, et al. Fracture pain-

Traveling unknown pathways. Bone. 2016;85:107-14. 

95. Mitchell SAT, Majuta LA, Mantyh PW. New Insights in Understanding and Treating Bone 

Fracture Pain. Current osteoporosis reports. 2018;16(4):325-32. 

96. Grills BL, Schuijers JA. Immunohistochemical localization of nerve growth factor in 

fractured and unfractured rat bone. Acta orthopaedica Scandinavica. 1998;69(4):415-9. 

97. Yasui M, Shiraishi Y, Ozaki N, Hayashi K, Hori K, Ichiyanagi M, et al. Nerve growth factor 

and associated nerve sprouting contribute to local mechanical hyperalgesia in a rat model of 

bone injury. European journal of pain (London, England). 2012;16(7):953-65. 

98. Sung K, Yang W, Wu C. Uncoupling neurotrophic function from nociception of nerve 

growth factor: what can be learned from a rare human disease? Neural regeneration research. 

2019;14(4):570-3. 

99. Segal JP, Tresidder KA, Bhatt C, Gilron I, Ghasemlou N. Circadian control of pain and 

neuroinflammation. Journal of neuroscience research. 2018;96(6):1002-20. 



232 
 

100. Curtis AM, Fagundes CT, Yang G, Palsson-McDermott EM, Wochal P, McGettrick AF, et al. 

Circadian control of innate immunity in macrophages by miR-155 targeting Bmal1. Proceedings 

of the National Academy of Sciences. 2015;112(23):7231-6. 

101. Curtis AM, Bellet MM, Sassone-Corsi P, O'Neill LA. Circadian clock proteins and immunity. 

Immunity. 2014;40(2):178-86. 

102. Sulli G, Manoogian ENC, Taub PR, Panda S. Training the Circadian Clock, Clocking the 

Drugs, and Drugging the Clock to Prevent, Manage, and Treat Chronic Diseases. Trends in 

Pharmacological Sciences. 2018;39(9):812-27. 

103. Man K, Loudon A, Chawla A. Immunity around the clock. Science (New York, NY). 

2016;354(6315):999-1003. 

104. Keller M, Mazuch J, Abraham U, Eom GD, Herzog ED, Volk HD, et al. A circadian clock in 

macrophages controls inflammatory immune responses. Proceedings of the National Academy 

of Sciences of the United States of America. 2009;106(50):21407-12. 

105. Silver AC, Arjona A, Walker WE, Fikrig E. The circadian clock controls toll-like receptor 9-

mediated innate and adaptive immunity. Immunity. 2012;36(2):251-61. 

106. Vgontzas AN, Bixler EO, Lin HM, Prolo P, Trakada G, Chrousos GP. IL-6 and its circadian 

secretion in humans. Neuroimmunomodulation. 2005;12(3):131-40. 

107. Koyanagi S, Kuramoto Y, Nakagawa H, Aramaki H, Ohdo S, Soeda S, et al. A molecular 

mechanism regulating circadian expression of vascular endothelial growth factor in tumor cells. 

Cancer research. 2003;63(21):7277-83. 



233 
 

108. Levi F, Blazsek I, Ferle-Vidovic A. Circadian and seasonal rhythms in murine bone marrow 

colony-forming cells affect tolerance for the anticancer agent 4'-O-tetrahydropyranyladriamycin 

(THP). Experimental hematology. 1988;16(8):696-701. 

109. Hand LE, Hopwood TW, Dickson SH, Walker AL, Loudon AS, Ray DW, et al. The circadian 

clock regulates inflammatory arthritis. FASEB journal : official publication of the Federation of 

American Societies for Experimental Biology. 2016;30(11):3759-70. 

110. Labrecque N, Cermakian N. Circadian Clocks in the Immune System. Journal of Biological 

Rhythms. 2015;30(4):277-90. 

111. Bastidas-Coral AP, Bakker AD, Zandieh-Doulabi B, Kleverlaan CJ, Bravenboer N, 

Forouzanfar T, et al. Cytokines TNF-alpha, IL-6, IL-17F, and IL-4 Differentially Affect Osteogenic 

Differentiation of Human Adipose Stem Cells. Stem cells international. 2016;2016:1318256. 

112. Young MR, Matthews JP, Kanabrocki EL, Sothern RB, Roitman-Johnson B, Scheving LE. 

Circadian rhythmometry of serum interleukin-2, interleukin-10, tumor necrosis factor-alpha, and 

granulocyte-macrophage colony-stimulating factor in men. Chronobiol Int. 1995;12(1):19-27. 

113. Arvidson NG, Gudbjornsson B, Larsson A, Hallgren R. The timing of glucocorticoid 

administration in rheumatoid arthritis. Annals of the Rheumatic Diseases. 1997;56(1):27-31. 

114. King A, Balaji S, Le LD, Crombleholme TM, Keswani SG. Regenerative Wound Healing: The 

Role of Interleukin-10. Advances in wound care. 2014;3(4):315-23. 

115. Markoulli M, Papas E, Cole N, Holden BA. The diurnal variation of matrix 

metalloproteinase-9 and its associated factors in human tears. Investigative ophthalmology & 

visual science. 2012;53(3):1479-84. 



234 
 

116. Bergmann A, Deinzer R. Daytime variations of interleukin-1β in gingival crevicular fluid. 

European Journal of Oral Sciences. 2008;116(1):18-22. 

117. Macias MP, Fitzpatrick LA, Brenneise I, McGarry MP, Lee JJ, Lee NA. Expression of IL-5 

alters bone metabolism and induces ossification of the spleen in transgenic mice. The Journal of 

clinical investigation. 2001;107(8):949-59. 

118. Onodera S, Nishihira J, Yamazaki M, Ishibashi T, Minami A. Increased expression of 

macrophage migration inhibitory factor during fracture healing in rats. Histochemistry and Cell 

Biology. 2004;121(3):209-17. 

119. Nikolai Petrovsky LS, Diego Silva, Ashley B Grossman, Christine Metz and Richard Bucala. 

Macrophage migration inhibitory factor exhibits a pronounced circadian rhythm relevant to its 

role as a glucocorticoid counter-regulator. Immunology and Cell Biology. 2003;81:137-43. 

120. Morrison BW, Christensen S, Yuan W, Brown J, Amlani S, Seidenberg B. Analgesic efficacy 

of the cyclooxygenase-2-specific inhibitor rofecoxib in post-dental surgery pain: a randomized, 

controlled trial. Clinical Therapeutics. 1999;21(6):943-53. 

121. Druzd D, Matveeva O, Ince L, Harrison U, He W, Schmal C, et al. Lymphocyte Circadian 

Clocks Control Lymph Node Trafficking and Adaptive Immune Responses. Immunity. 

2017;46(1):120-32. 

122. Yuan G, Hua B, Yang Y, Xu L, Cai T, Sun N, et al. The Circadian Gene Clock Regulates Bone 

Formation Via PDIA3. Journal of Bone and Mineral Research. 2017;32(4):861-71. 

123. Hirai T. Circadian clock and bone biology. Journal of Oral Biosciences. 2017;59(4):179-83. 



235 
 

124. Iimura T, Nakane A, Sugiyama M, Sato H, Makino Y, Watanabe T, et al. A fluorescence 

spotlight on the clockwork development and metabolism of bone. J Bone Miner Metab. 

2012;30(3):254-69. 

125. Fujihara Y, Kondo H, Noguchi T, Togari A. Glucocorticoids mediate circadian timing in 

peripheral osteoclasts resulting in the circadian expression rhythm of osteoclast-related genes. 

Bone. 2014;61:1-9. 

126. Maronde E, Schilling AF, Seitz S, Schinke T, Schmutz I, van der Horst G, et al. The clock 

genes Period 2 and Cryptochrome 2 differentially balance bone formation. PLoS One. 

2010;5(7):e11527. 

127. Dudek M, Meng QJ. Running on time: the role of circadian clocks in the musculoskeletal 

system. Biochem J. 2014;463(1):1-8. 

128. Kunimoto T, Okubo N, Minami Y, Fujiwara H, Hosokawa T, Asada M, et al. A PTH-

responsive circadian clock operates in ex vivo mouse femur fracture healing site. Sci Rep. 

2016;6:22409. 

129. Swanson CM, Kohrt WM, Buxton OM, Everson CA, Wright KP, Jr., Orwoll ES, et al. The 

importance of the circadian system & sleep for bone health. Metabolism. 2017. 

130. Hansson LI, Stenstrom A, Thorngren KG. Diurnal variation of longitudinal bone growth in 

the rabbit. Acta Orthop Scand. 1974;45(4):499-507. 

131. Ivaska KK, Kakonen SM, Gerdhem P, Obrant KJ, Pettersson K, Vaananen HK. Urinary 

osteocalcin as a marker of bone metabolism. Clin Chem. 2005;51(3):618-28. 



236 
 

132. Klarsfeld A, Birman S, Rouyer F. [Nobel time for the circadian clock - Nobel Prize in 

Medicine 2017: Jeffrey C. Hall, Michael Rosbash and Michael W. Young]. Medecine sciences : 

M/S. 2018;34(5):480-4. 

133. Halberg F. Chronobiology and its promise for health care and environmental integrity. 

International journal of chronobiology. 1973;1(1):10-4. 

134. Levi F, Okyar A. Circadian clocks and drug delivery systems: impact and opportunities in 

chronotherapeutics. Expert Opin Drug Deliv. 2011;8(12):1535-41. 

135. Levi F. From circadian rhythms to cancer chronotherapeutics. Chronobiol Int. 

2002;19(1):1-19. 

136. Levi F, Le Louarn C, Reinberg A. Timing optimizes sustained-release indomethacin 

treatment of osteoarthritis. Clinical pharmacology and therapeutics. 1985;37(1):77-84. 

137. Dallmann R, Okyar A, Levi F. Dosing-Time Makes the Poison: Circadian Regulation and 

Pharmacotherapy. Trends in molecular medicine. 2016;22(5):430-45. 

138. Lemmer B. Chronobiology, drug-delivery, and chronotherapeutics. Adv Drug Deliv Rev. 

2007;59(9-10):825-7. 

139. Mure LS, Le HD, Benegiamo G, Chang MW, Rios L, Jillani N, et al. Diurnal transcriptome 

atlas of a primate across major neural and peripheral tissues. Science (New York, NY). 

2018;359(6381). 

140. Ballesta A, Innominato PF, Dallmann R, Rand DA, Lévi FA. Systems Chronotherapeutics. 

Pharmacological Reviews. 2017;69(2):161-99. 

141. Jones KA, Hatori M, Mure LS, Bramley JR, Artymyshyn R, Hong S-P, et al. Small-molecule 

antagonists of melanopsin-mediated phototransduction. Nature Chemical Biology. 2013;9:630. 



237 
 

142. Xu YQ, Zhang D, Jin T, Cai DJ, Wu Q, Lu Y, et al. Diurnal variation of hepatic antioxidant 

gene expression in mice. PLoS One. 2012;7(8):e44237. 

143. Na Y-R, Yoon Y-N, Son D-I, Seok S-H. Cyclooxygenase-2 Inhibition Blocks M2 Macrophage 

Differentiation and Suppresses Metastasis in Murine Breast Cancer Model. PLoS One. 

2013;8(5):e63451. 

144. Labrecque G, Bureau JP, Reinberg AE. Biological rhythms in the inflammatory response 

and in the effects of non-steroidal anti-inflammatory drugs. Pharmacology & Therapeutics. 

1995;66(2):285-300. 

145. To H, Yoshimatsu H, Tomonari M, Ida H, Tsurumoto T, Tsuji Y, et al. Methotrexate 

chronotherapy is effective against rheumatoid arthritis. Chronobiol Int. 2011;28(3):267-74. 

146. Cappello T, Nuelle JAV, Katsantonis N, Nauer RK, Lauing KL, Jagodzinski JE, et al. Ketorolac 

administration does not delay early fracture healing in a juvenile rat model: A pilot study. Journal 

of Pediatric Orthopaedics. 2013;33(4):415-21. 

147. Krischak GD, Augat P, Blakytny R, Claes L, Kinzl L, Beck A. The non-steroidal anti-

inflammatory drug diclofenac reduces appearance of osteoblasts in bone defect healing in rats. 

Archives of Orthopaedic & Trauma Surgery. 2007;127(6):453-8. 

148. Mullis BH, Copland ST, Weinhold PS, Miclau T, Lester GE, Bos GD. Effect of COX-2 

inhibitors and non-steroidal anti-inflammatory drugs on a mouse fracture model. Injury. 

2006;37(9):827-37. 

149. Generali D, Berruti A, Tampellini M, Dovio A, Tedoldi S, Bonardi S, et al. The circadian 

rhythm of biochemical markers of bone resorption is normally synchronized in breast cancer 

patients with bone lytic metastases independently of tumor load. Bone. 2007;40(1):182-8. 



238 
 

150. Beck A, Krischak G, Sorg T, Augat P, Farker K, Merkel U, et al. Influence of diclofenac (group 

of nonsteroidal anti-inflammatory drugs) on fracture healing. Archives of Orthopaedic & Trauma 

Surgery. 2003;123(7):327-32. 

151. Dimmen S, Nordsletten L, Madsen JE. Parecoxib and indomethacin delay early fracture 

healing: a study in rats. Clin Orthop. 2009;467(8):1992-9. 

152. Donovan M, George M, Petersen E, Fredericks D, Femino JE, Lack WD, et al. Effect of 

aspirin on bone healing in a rabbit ulnar osteotomy model. Journal of Bone & Joint Surgery - 

American Volume. 2013;95(6):488-96. 

153. Dorey FJ, Kody MH, Kabo JM, More RC, Meals RA. The effects of two nonsteroidal 

antiinflammatory drugs on limb swelling, joint stiffness, and bone torsional strength following 

fracture in a rabbit model. Clin Orthop. 1989;0(247):306-12. 

154. Endo K, Sairyo K, Komatsubara S, Sasa T, Egawa H, Ogawa T, et al. Cyclooxygenase-2 

inhibitor delays fracture healing in rats. Acta Orthopaedica. 2005;76(4):470-4. 

155. Hak DJ, Schulz KS, Khoie B, Hazelwood SJ. The effect of Cox-2 specific inhibition on direct 

fracture healing in the rabbit tibia. Journal of Orthopaedic Science. 2011;16(1):93-8. 

156. Inal S, Kabay S, Cayci MK, Kuru HI, Altikat S, Akkas G, et al. Comparison of the effects of 

dexketoprofen trometamol, meloxicam and diclofenac sodium on fibular fracture healing, kidney 

and liver: an experimental rat model. Injury. 2014;45(3):494-500. 

157. Keller J, Bak B, Bunger C, Lucht U, Andreassen TT. Bone repair inhibited by indomethacin. 

Effects on bone metabolism and strength of rabbit osteotomies. Acta Orthopaedica Scandinavica. 

1987;58(4):379-83. 



239 
 

158. Li K-H, Cheng L, Zhu Y, Deng G-B, Long H-T. Effects of a selective cyclooxygenase-2 

inhibitor (celecoxib) on fracture healing in rats. Indian Journal of Orthopaedics. 2013;47(4):395-

401. 

159. Ochi H, Hara Y, Asou Y, Harada Y, Nezu Y, Yogo T, et al. Effects of long-term administration 

of carprofen on healing of a tibial osteotomy in dogs. American Journal of Veterinary Research. 

2011;72(5):634-41. 

160. Sandberg O, Aspenberg P. Different effects of indomethacin on healing of shaft and 

metaphyseal fractures. Acta Orthopaedica. 2015;86(2):243-7. 

161. Sevimli R, Üzel M, Sayar H, Kalender AM, Dökmeci O. The effect of dexketoprofen 

trometamol on the healing of diaphysis fractures of rat tibia. Acta Orthopaedica et 

Traumatologica Turcica. 2013;47(6):423-9. 

162. Tiseo BC, Namur GN, De Paula EJL, Mattar Jr R, De Oliveira CRGCM. Experimental study of 

the action of COX-2 selective nonsteroidal anti-inflammatory drugs and traditional anti-

inflammatory drugs in bone regeneration. Clinics. 2006;61(3):223-30. 

163. Tornkvist H, Stromberg L, Lindholm TS, Netz P, Lindholm TC. Effect of ibuprofen and 

indomethacin on bone metabolism reflected in bone strength. Clin Orthop. 1984;0(187):255-9. 

164. McElderry JD, Zhao G, Khmaladze A, Wilson CG, Franceschi RT, Morris MD. Tracking 

circadian rhythms of bone mineral deposition in murine calvarial organ cultures. Journal of bone 

and mineral research : the official journal of the American Society for Bone and Mineral Research. 

2013;28(8):1846-54. 



240 
 

165. Okubo N, Fujiwara H, Minami Y, Kunimoto T, Hosokawa T, Umemura Y, et al. Parathyroid 

hormone resets the cartilage circadian clock of the organ-cultured murine femur. Acta 

Orthopaedica. 2015;86(5):627-31. 

166. Hoyle NP, Seinkmane E, Putker M, Feeney KA, Krogager TP, Chesham JE, et al. Circadian 

actin dynamics drive rhythmic fibroblast mobilization during wound healing. Sci Transl Med. 

2017;9(415). 

167. Montaigne D, Marechal X, Modine T, Coisne A, Mouton S, Fayad G, et al. Daytime variation 

of perioperative myocardial injury in cardiac surgery and its prevention by Rev-Erbalpha 

antagonism: a single-centre propensity-matched cohort study and a randomised study. Lancet 

(London, England). 2017. 

168. de Vries RBM, Hooijmans CR, Langendam MW, van Luijk J, Leenaars M, Ritskes-Hoitinga 

M, et al. A protocol format for the preparation, registration and publication of systematic reviews 

of animal intervention studies. Evidence-based Preclinical Medicine. 2015;2(1):1-9. 

169. Horn J, de Haan RJ, Vermeulen M, Luiten PG, Limburg M. Nimodipine in animal model 

experiments of focal cerebral ischemia: a systematic review. Stroke. 2001;32(10):2433-8. 

170. Vesterinen HM, Sena ES, Egan KJ, Hirst TC, Churolov L, Currie GL, et al. Meta-analysis of 

data from animal studies: a practical guide. Journal of neuroscience methods. 2014;221:92-102. 

171. Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M. Enhancing search efficiency by 

means of a search filter for finding all studies on animal experimentation in PubMed. Laboratory 

animals. 2010;44(3):170-5. 

172. Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M, Langendam MW. 

SYRCLE's risk of bias tool for animal studies. BMC medical research methodology. 2014;14:43. 



241 
 

173. Hooijmans CR, IntHout J, Ritskes-Hoitinga M, Rovers MM. Meta-analyses of animal 

studies: an introduction of a valuable instrument to further improve healthcare. ILAR journal. 

2014;55(3):418-26. 

174. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan-a web and mobile app for 

systematic reviews. Systematic reviews. 2016;5(1):210. 

175. Kilkenny C, Parsons N, Kadyszewski E, Festing MF, Cuthill IC, Fry D, et al. Survey of the 

quality of experimental design, statistical analysis and reporting of research using animals. PLoS 

One. 2009;4(11):e7824. 

176. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic 

reviews and meta-analyses: the PRISMA statement. Bmj. 2009;339:b2535. 

177. Chalmers I, Hedges LV, Cooper H. A brief history of research synthesis. Evaluation & the 

health professions. 2002;25(1):12-37. 

178. Mogil JS. Animal models of pain: progress and challenges. Nature reviews Neuroscience. 

2009;10(4):283-94. 

179. Dubin AE, Patapoutian A. Nociceptors: the sensors of the pain pathway. The Journal of 

clinical investigation. 2010;120(11):3760-72. 

180. Buys MJ, Alphonso C. Novel use of perineural pregabalin infusion for analgesia in a rat 

neuropathic pain model. Anesthesia and analgesia. 2014;119(2):481-8. 

181. Deuis JR, Dvorakova LS, Vetter I. Methods Used to Evaluate Pain Behaviors in Rodents. 

Frontiers in Molecular Neuroscience. 2017;10:284. 

182. Yasuda M, Kido K, Ohtani N, Masaki E. Mast cell stabilization promotes antinociceptive 

effects in a mouse model of postoperative pain. Journal of pain research. 2013;6:161-6. 



242 
 

183. Ishikawa G, Nagakura Y, Takeshita N, Shimizu Y. Efficacy of drugs with different 

mechanisms of action in relieving spontaneous pain at rest and during movement in a rat model 

of osteoarthritis. Eur J Pharmacol. 2014;738:111-7. 

184. O'Neill KR, Stutz CM, Mignemi NA, Burns MC, Murry MR, Nyman JS, et al. Micro-computed 

tomography assessment of the progression of fracture healing in mice. Bone. 2012;50(6):1357-

67. 

185. Augat P, Morgan EF, Lujan TJ, MacGillivray TJ, Cheung WH. Imaging techniques for the 

assessment of fracture repair. Injury. 2014;45 Suppl 2:S16-22. 

186. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Muller R. Guidelines for 

assessment of bone microstructure in rodents using micro-computed tomography. Journal of 

bone and mineral research : the official journal of the American Society for Bone and Mineral 

Research. 2010;25(7):1468-86. 

187. Morgan EF, De Giacomo A, Gerstenfeld LC. Overview of skeletal repair (fracture healing 

and its assessment). Methods Mol Biol. 2014;1130:13-31. 

188. Steiner M, Volkheimer D, Meyers N, Wehner T, Wilke HJ, Claes L, et al. Comparison 

between different methods for biomechanical assessment of ex vivo fracture callus stiffness in 

small animal bone healing studies. PLoS One. 2015;10(3):e0119603. 

189. Allen MR, Burr DB. Chapter 8 - Techniques in Histomorphometry. In: Burr DB, Allen MR, 

editors. Basic and Applied Bone Biology (Second Edition): Academic Press; 2019. p. 141-58. 

190. Recker RR, Kimmel DB, Dempster D, Weinstein RS, Wronski TJ, Burr DB. Issues in modern 

bone histomorphometry. Bone. 2011;49(5):955-64. 



243 
 

191. Miao D, Scutt A. Histochemical localization of alkaline phosphatase activity in decalcified 

bone and cartilage. The journal of histochemistry and cytochemistry : official journal of the 

Histochemistry Society. 2002;50(3):333-40. 

192. Bemenderfer TB, Harris JS, Condon KW, Kacena MA. Tips and techniques for processing 

and sectioning undecalcified murine bone specimens. Methods Mol Biol. 2014;1130:123-47. 

193. Filgueira L. Fluorescence-based Staining for Tartrate-resistant Acidic Phosphatase (TRAP) 

in Osteoclasts Combined with Other Fluorescent Dyes and Protocols. Journal of Histochemistry 

& Cytochemistry. 2004;52(3):411-4. 

194. Hayman AR. Tartrate-resistant acid phosphatase (TRAP) and the osteoclast/immune cell 

dichotomy. Autoimmunity. 2008;41(3):218-23. 

195. Jensen EC. Quantitative Analysis of Histological Staining and Fluorescence Using ImageJ. 

The Anatomical Record. 2013;296(3):378-81. 

196. Galbo H, Kall L. Circadian variations in clinical symptoms and concentrations of 

inflammatory cytokines, melatonin, and cortisol in polymyalgia rheumatica before and during 

prednisolone treatment: a controlled, observational, clinical experimental study. Arthritis 

research & therapy. 2016;18(1):174. 

197. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines: At the 

crossroads of cell signalling and inflammatory disease. Biochimica et Biophysica Acta (BBA) - 

Molecular Cell Research. 2014;1843(11):2563-82. 

198. Elshal MF, McCoy JP. Multiplex bead array assays: performance evaluation and 

comparison of sensitivity to ELISA. Methods (San Diego, Calif). 2006;38(4):317-23. 



244 
 

199. Ocheretina O, Merveille YM, Mabou M-M, Escuyer VE, Dunbar SA, Johnson WD, et al. Use 

of Luminex MagPlex magnetic microspheres for high-throughput spoligotyping of 

Mycobacterium tuberculosis isolates in Port-au-Prince, Haiti. Journal of clinical microbiology. 

2013;51(7):2232-7. 

200. Cottrell JA, Lin H-N, O'Connor JP. Method for measuring lipid mediators, proteins, and 

messenger RNAs from a single tissue specimen. Analytical biochemistry. 2015;469:34-42. 

201. Slonim DK, Yanai I. Getting started in gene expression microarray analysis. PLoS Comput 

Biol. 2009;5(10):e1000543-e. 

202. Histing T, Garcia P, Holstein JH, Klein M, Matthys R, Nuetzi R, et al. Small animal bone 

healing models: standards, tips, and pitfalls results of a consensus meeting. Bone. 

2011;49(4):591-9. 

203. Nunamaker DM. Experimental models of fracture repair. Clin Orthop Relat Res. 1998(355 

Suppl):S56-65. 

204. Haffner-Luntzer M, Kovtun A, Rapp AE, Ignatius A. Mouse Models in Bone 

Fracture Healing Research. Current Molecular Biology Reports. 2016;2(2):101-11. 

205. Meyer RA, Jr., Tsahakis PJ, Martin DF, Banks DM, Harrow ME, Kiebzak GM. Age and 

ovariectomy impair both the normalization of mechanical properties and the accretion of mineral 

by the fracture callus in rats. Journal of orthopaedic research : official publication of the 

Orthopaedic Research Society. 2001;19(3):428-35. 

206. Lu C, Hansen E, Sapozhnikova A, Hu D, Miclau T, Marcucio RS. Effect of age on 

vascularization during fracture repair. Journal of orthopaedic research : official publication of the 

Orthopaedic Research Society. 2008;26(10):1384-9. 



245 
 

207. Fritz A-K, Amrein I, Wolfer DP. Similar reliability and equivalent performance of female 

and male mice in the open field and water-maze place navigation task. American journal of 

medical genetics Part C, Seminars in medical genetics. 2017;175(3):380-91. 

208. Ning B, Zhao Y, Buza JA, III, Li W, Wang W, Jia T. Surgicallyinduced mouse models in the 

study of bone regeneration: Current models and future directions (Review). Mol Med Rep. 

2017;15(3):1017-23. 

209. Shimono K, Tung WE, Macolino C, Chi AH, Didizian JH, Mundy C, et al. Potent inhibition of 

heterotopic ossification by nuclear retinoic acid receptor-gamma agonists. Nat Med. 

2011;17(4):454-60. 

210. Kasahara T, Abe K, Mekada K, Yoshiki A, Kato T. Genetic variation of melatonin 

productivity in laboratory mice under domestication. Proceedings of the National Academy of 

Sciences of the United States of America. 2010;107(14):6412-7. 

211. Yoshida K, Hashimoto T, Sakai Y, Hashiramoto A. Involvement of the circadian rhythm and 

inflammatory cytokines in the pathogenesis of rheumatoid arthritis. Journal of Immunological 

Research. 2014;2014:282495. 

212. Tetreault P, Dansereau MA, Dore-Savard L, Beaudet N, Sarret P. Weight bearing 

evaluation in inflammatory, neuropathic and cancer chronic pain in freely moving rats. Physiol 

Behav. 2011;104(3):495-502. 

213. Tim CR, Bossini PS, Kido HW, Malavazi I, von Zeska Kress MR, Carazzolle MF, et al. Effects 

of low level laser therapy on inflammatory and angiogenic gene expression during the process of 

bone healing: A microarray analysis. Journal of photochemistry and photobiology B, Biology. 

2016;154:8-15. 



246 
 

214. Eimar H, Alebrahim S, Manickam G, Al-Subaie A, Abu-Nada L, Murshed M, et al. Donepezil 

regulates energy metabolism and favors bone mass accrual. Bone. 2016;84:131-8. 

215. Bissinger O, Kreutzer K, Gotz C, Hapfelmeier A, Pautke C, Vogt S, et al. A biomechanical, 

micro-computertomographic and histological analysis of the influence of diclofenac and 

prednisolone on fracture healing in vivo. BMC musculoskeletal disorders. 2016;17(1):383. 

216. Nair AB, Jacob S. A simple practice guide for dose conversion between animals and 

human. Journal of basic and clinical pharmacy. 2016;7(2):27-31. 

217. Karakhanova S, Oweira H, Steinmeyer B, Sachsenmaier M, Jung G, Elhadedy H, et al. 

Interferon-gamma, interleukin-10 and interferon-inducible protein 10 (CXCL10) as serum 

biomarkers for the early allograft dysfunction after liver transplantation. Transplant immunology. 

2016;34:14-24. 

218. Lou JJ, Mirsadraei L, Sanchez DE, Wilson RW, Shabihkhani M, Lucey GM, et al. A review of 

room temperature storage of biospecimen tissue and nucleic acids for anatomic pathology 

laboratories and biorepositories. Clin Biochem. 2014;47(4-5):267-73. 

219. Thomas PD, Kejariwal A, Guo N, Mi H, Campbell MJ, Muruganujan A, et al. Applications 

for protein sequence-function evolution data: mRNA/protein expression analysis and coding SNP 

scoring tools. Nucleic acids research. 2006;34(Web Server issue):W645-50. 

220. Getz KA, Campo RA. Trends in clinical trial design complexity. Nature Reviews Drug 

Discovery. 2017;16:307. 

221. Bell ML, Whitehead AL, Julious SA. Guidance for using pilot studies to inform the design 

of intervention trials with continuous outcomes. Clinical epidemiology. 2018;10:153-7. 



247 
 

222. Nogueira Neto JN, Dantas JFC, De Paula DM, Paraguassú GM, De Souza RF, Sarmento VA. 

Third molar position on panoramic radiographs and its location perioperatively. International 

Journal of Oral and Maxillofacial Surgery. 2017;46:349. 

223. Mehra P, Reebye U, Nadershah M, Cottrell D. Efficacy of anti-inflammatory drugs in third 

molar surgery: a randomized clinical trial. International Journal of Oral & Maxillofacial Surgery. 

2013;42(7):835-42. 

224. Ruvo AT, Shugars DA, White RP, Jr., Phillips C. The impact of delayed clinical healing after 

third molar surgery on health-related quality-of-life outcomes. J Oral Maxillofac Surg. 

2005;63(7):929-35. 

225. Friedman JW. The prophylactic extraction of third molars: a public health hazard. 

American journal of public health. 2007;97(9):1554-9. 

226. Seymour RA, Walton JG. Pain control after third molar surgery. International journal of 

oral surgery. 1984;13(6):457-85. 

227. Bjornsson GA, Haanaes HR, Skoglund LA. Naproxen 500 mg bid versus acetaminophen 

1000 mg qid: effect on swelling and other acute postoperative events after bilateral third molar 

surgery. Journal of clinical pharmacology. 2003;43(8):849-58. 

228. Chander PM, Ali FM, Aher V. C-reactive protein a better indicator of inflammation after 

third molar extraction. Niger J Clin Pract. 2013;16(3):297-301. 

229. Whitehead AL, Julious SA, Cooper CL, Campbell MJ. Estimating the sample size for a pilot 

randomised trial to minimise the overall trial sample size for the external pilot and main trial for 

a continuous outcome variable. Statistical methods in medical research. 2016;25(3):1057-73. 



248 
 

230. Geusens P, Emans PJ, de Jong JJ, van den Bergh J. NSAIDs and fracture healing. Current 

opinion in rheumatology. 2013;25(4):524-31. 

231. Solt LA, Wang Y, Banerjee S, Hughes T, Kojetin DJ, Lundasen T, et al. Regulation of 

circadian behaviour and metabolism by synthetic REV-ERB agonists. Nature. 2012;485(7396):62-

8. 

232. Yoshitake R, Saeki K, Watanabe M, Nakaoka N, Ong SM, Hanafusa M, et al. Molecular 

investigation of the direct anti-tumour effects of nonsteroidal anti-inflammatory drugs in a panel 

of canine cancer cell lines. The Veterinary Journal. 2017;221:38-47. 

233. Cable EJ, Onishi KG, Prendergast BJ. Circadian rhythms accelerate wound healing in 

female Siberian hamsters. Physiol Behav. 2017;171:165-74. 

234. Information CIfH. Hip and Knee Replacements in Canada, 2014–2015: Canadian Joint 

Replacement Registry Annual Report. Ottawa; 2017. 

235. Service. CAfDaTiHHTI. Health Technology AssessmentProphylactic Removal of Wisdom 

Teeth: A Review of the Clinical Benefit and Guidelines; . 2010. 

236. Gupta S, Bhowate RR, Nigam N, Saxena S. Evaluation of impacted mandibular third molars 

by panoramic radiography. ISRN Dent. 2011;2011:406714. 

237. Effectiveness. NCfRa. Prophylactic removal of impacted third molars: is it justified? . 

Heslington, York, YO10 5D: University of York October 1998. 

238. Singh A, Shekhar S, Saraf SK, Garbyal RS. Effect of etoricoxib on fracture healing - an 

experimental study. Biomedical Research. 2011;22(1):52-6. 



249 
 

239. Chan AW, Tetzlaff JM, Altman DG, Laupacis A, Gotzsche PC, Krle AJK, et al. SPIRIT 2013 

Statement: defining standard protocol items for clinical trials. Revista panamericana de salud 

publica = Pan American journal of public health. 2015;38(6):506-14. 

 



250 
 

12 Appendix I – Supplementary materials of manuscript I 

  



251 
 

Table 12-1S: Protocol of the systematic review and meta-analysis 

Protocol registered in SYRCLE website-2017: 

https://www.radboudumc.nl/en/research/departments/health-evidence/systematic-review-

center-for-laboratory-animal-experimentation/protocols  

 

The link to the published registered protocol of the systematic review and meta-analysis 

https://issuu.com/radboudumc/docs/non-steroidal_anti-

inflammatory_dru?e=28355229/48255236 

 

  

https://www.radboudumc.nl/en/research/departments/health-evidence/systematic-review-center-for-laboratory-animal-experimentation/protocols
https://www.radboudumc.nl/en/research/departments/health-evidence/systematic-review-center-for-laboratory-animal-experimentation/protocols
https://issuu.com/radboudumc/docs/non-steroidal_anti-inflammatory_dru?e=28355229/48255236
https://issuu.com/radboudumc/docs/non-steroidal_anti-inflammatory_dru?e=28355229/48255236
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Table 12-2S: Search strategy 

# Search Statement 
Medline data base (start from January 1st 1946) 
1 exp Anti-Inflammatory Agents, Non-Steroidal/  
2 (non-steroid* adj3 (inflammat* or anti-inflammat* or antiinflammat*)).ti,ab,kf.  
3 ((cyclooxygenase or cyclo-oxygenase or COX-2) adj1 (inhibit* or attenuat*)).ti,ab,kf.  
4 (adapalene or ampyrone or antipyrine or apazone or aspirin or bufexamac or carprofen or celecoxib or 

clonixin or curcumin or diclofenac or diflunisal or dipyrone or epirizole or etanercept or etodolac or 
fenoprofen or feprazone or flurbiprofen or ibuprofen or indomethacin or ketoprofen or ketorolac or 
masoprocol or meclofenamic or mefenamic or mesalamine or naproxen or niflumic or olopatadine or 
oxyphenbutazone or phenylbutazone or piroxicam or salicylate* or sulfasalazine or sulindac or suprofen or 
tolmetin).ti,ab,kf.  

5 (NSAID? or tactupump or galderma or differin or auralgan or paladin or salicylic or floctafenine or 
meloxicam or nabumetone or napafenac or oxaprozin or tenoxicam or tiaprofenic).ti,ab,kf.  

6 or/1-5  
7 exp Fractures, Bone/  
8 exp "Bone and Bones"/de, in, me, pa, pd, pp [Drug Effects, Injuries, Metabolism, Pathology, Pharmacology, 

Physiopathology]  
9 exp Fracture Healing/  
10 exp Bone Remodeling/  
11 exp Bone Density/  
12 (bone adj3 (broken or fracture* or remodel* or regenerat* or density)).ti,ab,kf.  
13 ((fracture? or bone?) adj3 heal*).ti,ab,kf.  
14 ((displace* or open or closed or comminuted or greenstick or transverse or oblique or buckled or pathologic 

or stress or hairline or compound or traumatic or periprosthetic or linear or spiral or compression or 
avulsion or impacted or burst or chance or flexion or supracondylar) adj3 fracture*).ti,ab,kf.  

15 ((holstein-lewis or jefferson or clay-shoveler or holdsworth or hume or essex-lopresti or galeazzi or colles? 
or smith* or barton* or monteggia or rolando or bennett* or boxer* or duverney or pilon or bumper or 
segond or gosselin or toddler* or bosworth or maisonneuve or "le fort" or pott* or lisfranc or jones or 
march) adj3 fracture*).ti,ab,kf.  

16 ((skull or mandibular or nasal or cervical or rib? or sternal or shoulder? or arm? or humerus or forearm? or 
ulnar or radius or distal or scaphoid or pelvic or femoral or patella or crus or tibia? or trimalleolar or 
calcaneal or bimalleolar) adj3 fracture*).ti,ab,kf.  

17 or/7-16  
18 6 and 17  
19 18 not (humans/ not (humans/ and animals/)) 
COCHRANE LIBRARY/DARE/CENTRAL ( started from     
(All keyword searches are "All Text") 
1 MeSH descriptor: [Anti-Inflammatory Agents, Non-Steroidal] explode all trees 
2 (non-steroid* NEAR/3 (inflammat* or anti-inflammat* or antiinflammat*)) 
3 ((cyclooxygenase or cyclo-oxygenase or COX-2) NEAR/1 (inhibit* or attenuat*)) 
4 (adapalene or ampyrone or antipyrine or apazone or aspirin or bufexamac or carprofen or celecoxib or 

clonixin or curcumin or diclofenac or diflunisal or dipyrone or epirizole or etanercept or etodolac or 
fenoprofen or feprazone or flurbiprofen or ibuprofen or indomethacin or ketoprofen or ketorolac or 
masoprocol or meclofenamic or mefenamic or mesalamine or naproxen or niflumic or olopatadine or 
oxyphenbutazone or phenylbutazone or piroxicam or salicylate* or sulfasalazine or sulindac or suprofen or 
tolmetin) 

5 (NSAID? or tactupump or galderma or differin or auralgan or paladin or salicylic or floctafenine or 
meloxicam or nabumetone or napafenac or oxaprozin or tenoxicam or tiaprofenic) 

6 #1 OR #2 OR #3 OR #4 OR #5 
7 MeSH descriptor: [Fractures, Bone] explode all trees 
8 MeSH descriptor: [Bone and Bones] explode all trees 
9 MeSH descriptor: [Fracture Healing] explode all trees 
10 MeSH descriptor: [Bone Remodeling] explode all trees 
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11 MeSH descriptor: [Bone Density] explode all trees 
12 (bone NEAR/3 (broken or fracture* or remodel* or regenerat* or density)) 
13 ((fracture? or bone?) NEAR/3 heal*) 
14 ((displace* or open or closed or comminuted or greenstick or transverse or oblique or buckled or pathologic 

or stress or hairline or compound or traumatic or periprosthetic or linear or spiral or compression or 
avulsion or impacted or burst or chance or flexion or supracondylar) NEAR/3 fracture*) 

15 ((holstein-lewis or jefferson or clay-shoveler or holdsworth or hume or essex-lopresti or galeazzi or colles? 
or smith* or barton* or monteggia or rolando or bennett* or boxer* or duverney or pilon or bumper or 
segond or gosselin or toddler* or bosworth or maisonneuve or "le fort" or pott* or lisfranc or jones or 
march) NEAR/3 fracture*) 

16 ((skull or mandibular or nasal or cervical or rib? or sternal or shoulder? or arm? or humerus or forearm? or 
ulnar or radius or distal or scaphoid or pelvic or femoral or patella or crus or tibia? or trimalleolar or 
calcaneal or bimalleolar) NEAR/3 fracture*) 

17 #7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR #14 OR #15 OR #16 
18 #6 AND #17 
EMBASE (OVID) 
1 exp nonsteroid antiinflammatory agent/ 
2 exp prostaglandin synthase inhibitor/ 
3 (non-steroid* adj3 (inflammat* or anti-inflammat* or antiinflammat*)).ti,ab,kw. 
4 (adapalene or ampyrone or antipyrine or apazone or aspirin or bufexamac or carprofen or celecoxib or 

clonixin or curcumin or diclofenac or diflunisal or dipyrone or epirizole or etanercept or etodolac or 
fenoprofen or feprazone or flurbiprofen or ibuprofen or indomethacin or ketoprofen or ketorolac or 
masoprocol or meclofenamic or mefenamic or mesalamine or naproxen or niflumic or olopatadine or 
oxyphenbutazone or phenylbutazone or piroxicam or salicylate* or sulfasalazine or sulindac or suprofen or 
tolmetin).ti,ab,kw. 

5 (NSAID? or tactupump or galderma or differin or auralgan or paladin or salicylic or floctafenine or 
meloxicam or nabumetone or napafenac or oxaprozin or tenoxicam or tiaprofenic).ti,ab,kw. 

6 ((cyclooxygenase or cyclo-oxygenase or COX-2) adj1 (inhibit* or attenuat*)).ti,ab,kw. 
7 or/1-6 
8 exp *fracture/ 
9 exp *bone/ 
10 exp bone remodeling/ 
11 exp bone density/ 
12 (bone adj3 (broken or fracture* or remodel* or regenerat* or density)).ti,ab,kw. 
13 ((fracture? or bone?) adj3 heal*).ti,ab,kw. 
14 ((displace* or open or closed or comminuted or greenstick or transverse or oblique or buckled or pathologic 

or stress or hairline or compound or traumatic or periprosthetic or linear or spiral or compression or 
avulsion or impacted or burst or chance or flexion or supracondylar) adj3 fracture*).ti,ab,kw. 

15 ((holstein-lewis or jefferson or clay-shoveler or holdsworth or hume or essex-lopresti or galeazzi or colles? 
or smith* or barton* or monteggia or rolando or bennett* or boxer* or duverney or pilon or bumper or 
segond or gosselin or toddler* or bosworth or maisonneuve or "le fort" or pott* or lisfranc or jones or 
march) adj3 fracture*).ti,ab,kw. 

16 ((skull or mandibular or nasal or cervical or rib? or sternal or shoulder? or arm? or humerus or forearm? or 
ulnar or radius or distal or scaphoid or pelvic or femoral or patella or crus or tibia? or trimalleolar or 
calcaneal or bimalleolar) adj3 fracture*).ti,ab,kw. 

17 or/8-16 
18 7 and 17 
19 18 not (humans/ not (humans/ and animals/)) 
CINAHL 
1 (MH "Antiinflammatory Agents, Non-Steroidal+") 
2 TI (non-steroid* N3 (inflammat* or anti-inflammat* or antiinflammat*)) OR AB (non-steroid* N3 

(inflammat* or anti-inflammat* or antiinflammat*)) 
3 TI ((cyclooxygenase or cyclo-oxygenase or COX-2) N1 (inhibit* or attenuat*)) OR AB ((cyclooxygenase or 

cyclo-oxygenase or COX-2) N1 (inhibit* or attenuat*)) 
 

4 TI (adapalene or ampyrone or antipyrine or apazone or aspirin or bufexamac or carprofen or celecoxib or 
clonixin or curcumin or diclofenac or diflunisal or dipyrone or epirizole or etanercept or etodolac or 
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fenoprofen or feprazone or flurbiprofen or ibuprofen or indomethacin or ketoprofen or ketorolac or 
masoprocol or meclofenamic or mefenamic or mesalamine or naproxen or niflumic or olopatadine or 
oxyphenbutazone or phenylbutazone or piroxicam or salicylate* or sulfasalazine or sulindac or suprofen or 
tolmetin) OR AB (adapalene or ampyrone or antipyrine or apazone or aspirin or bufexamac or carprofen or 
celecoxib or clonixin or curcumin or diclofenac or diflunisal or dipyrone or epirizole or etanercept or 
etodolac or fenoprofen or feprazone or flurbiprofen or ibuprofen or indomethacin or ketoprofen or 
ketorolac or masoprocol or meclofenamic or mefenamic or mesalamine or naproxen or niflumic or 
olopatadine or oxyphenbutazone or phenylbutazone or piroxicam or salicylate* or sulfasalazine or sulindac 
or suprofen or tolmetin) 
 

5 TI (NSAID? or tactupump or galderma or differin or auralgan or paladin or salicylic or floctafenine or 
meloxicam or nabumetone or napafenac or oxaprozin or tenoxicam or tiaprofenic) OR AB (NSAID? or 
tactupump or galderma or differin or auralgan or paladin or salicylic or floctafenine or meloxicam or 
nabumetone or napafenac or oxaprozin or tenoxicam or tiaprofenic) 
 

6 S1 OR S2 OR S3 OR S4 OR S5 
 

7 (MH "Fractures+") 
8 (MH "Bone and Bones+/DE/IN/ME/PA/PP") 

 
9 (MH "Fracture Healing") 

 
10 (MH "Bone Remodeling+") 
11 (MH "Bone Density") 
12 TI (bone N3 (broken or fracture* or remodel* or regenerat* or density)) OR AB (bone N3 (broken or 

fracture* or remodel* or regenerat* or density)) 
 

13 TI ((fracture? or bone?) N3 heal*) OR AB ((fracture? or bone?) N3 heal*) 
14 TI ((displace* or open or closed or comminuted or greenstick or transverse or oblique or buckled or 

pathologic or stress or hairline or compound or traumatic or periprosthetic or linear or spiral or 
compression or avulsion or impacted or burst or chance or flexion or supracondylar) N3 fracture*) OR AB 
((displace* or open or closed or comminuted or greenstick or transverse or oblique or buckled or pathologic 
or stress or hairline or compound or traumatic or periprosthetic or linear or spiral or compression or 
avulsion or impacted or burst or chance or flexion or supracondylar) N3 fracture*) 

15 TI ((holstein-lewis or jefferson or clay-shoveler or holdsworth or hume or essex-lopresti or galeazzi or 
colles? or smith* or barton* or monteggia or rolando or bennett* or boxer* or duverney or pilon or bumper 
or segond or gosselin or toddler* or bosworth or maisonneuve or "le fort" or pott* or lisfranc or jones or 
march) N3 fracture*) OR AB ((holstein-lewis or jefferson or clay-shoveler or holdsworth or hume or essex-
lopresti or galeazzi or colles? or smith* or barton* or monteggia or rolando or bennett* or boxer* or 
duverney or pilon or bumper or segond or gosselin or toddler* or bosworth or maisonneuve or "le fort" or 
pott* or lisfranc or jones or march) N3 fracture*) 
 

16 TI ((skull or mandibular or nasal or cervical or rib? or sternal or shoulder? or arm? or humerus or forearm? 
or ulnar or radius or distal or scaphoid or pelvic or femoral or patella or crus or tibia? or trimalleolar or 
calcaneal or bimalleolar) N3 fracture*) OR AB ((skull or mandibular or nasal or cervical or rib? or sternal or 
shoulder? or arm? or humerus or forearm? or ulnar or radius or distal or scaphoid or pelvic or femoral or 
patella or crus or tibia? or trimalleolar or calcaneal or bimalleolar) N3 fracture*) 
 

17 S7 OR S8 OR S9 OR S10 OR S11 OR S12 OR S13 OR S14 OR S15 OR S16 
 

18 S6 AND S17 
 

Scopus 
( INDEXTERMS ( "Antiinflammatory Agents, Non-Steroidal" )  OR  TITLE-ABS-KEY ( non-steroid*  W/3  ( 
inflammat*  OR  anti-inflammat*  OR  antiinflammat* ) )  OR  TITLE-ABS-KEY ( ( cyclooxygenase  OR  cyclo-
oxygenase  OR  cox-2 )  W/1  ( inhibit*  OR  attenuat* ) )  OR  TITLE-ABS-KEY ( 
adapalene  OR  ampyrone  OR  antipyrine  OR  apazone  OR  aspirin  OR  bufexamac  OR  carprofen  OR  celecoxib  OR  clon
ixin  OR  curcumin  OR  diclofenac  OR  diflunisal  OR  dipyrone  OR  epirizole  OR  etanercept  OR  etodolac  OR  fenoprofen
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  OR  feprazone  OR  flurbiprofen  OR  ibuprofen  OR  indomethacin  OR  ketoprofen  OR  ketorolac  OR  masoprocol  OR  m
eclofenamic  OR  mefenamic  OR  mesalamine  OR  naproxen  OR  niflumic  OR  olopatadine  OR  oxyphenbutazone  OR  ph
enylbutazone  OR  piroxicam  OR  salicylate*  OR  sulfasalazine  OR  sulindac  OR  suprofen  OR  tolmetin )  OR  TITLE-ABS-
KEY ( 
nsaid?  OR  tactupump  OR  galderma  OR  differin  OR  auralgan  OR  paladin  OR  salicylic  OR  floctafenine  OR  meloxicam
  OR  nabumetone  OR  napafenac  OR  oxaprozin  OR  tenoxicam  OR  tiaprofenic ) )  AND  ( INDEXTERMS ( "Fractures, 
Bone" )  OR  INDEXTERMS ( "Bone and Bones" )  OR  INDEXTERMS ( "Fracture Healing" )  OR  INDEXTERMS ( "Bone 
Remodeling" )  OR  INDEXTERMS ( "Bone Density" )  OR  TITLE-ABS-KEY ( bone  W/3  ( 
broken  OR  fracture*  OR  remodel*  OR  regenerat*  OR  density ) )  OR  TITLE-ABS-KEY ( ( fracture?  OR  bone? 
)  W/3  heal* )  OR  TITLE-ABS-KEY ( ( 
displace*  OR  open  OR  closed  OR  comminuted  OR  greenstick  OR  transverse  OR  oblique  OR  buckled  OR  pathologic  
OR  stress  OR  hairline  OR  compound  OR  traumatic  OR  periprosthetic  OR  linear  OR  spiral  OR  compression  OR  avul
sion  OR  impacted  OR  burst  OR  chance  OR  flexion  OR  supracondylar )  W/3  fracture* )  OR  TITLE-ABS-KEY ( ( 
holstein-lewis  OR  jefferson  OR  clay-shoveler  OR  holdsworth  OR  hume  OR  essex-
lopresti  OR  galeazzi  OR  colles?  OR  smith*  OR  barton*  OR  monteggia  OR  rolando  OR  bennett*  OR  boxer*  OR  duv
erney  OR  pilon  OR  bumper  OR  segond  OR  gosselin  OR  toddler*  OR  bosworth  OR  maisonneuve  OR  "le 
fort"  OR  pott*  OR  lisfranc  OR  jones  OR  march )  W/3  fracture* )  OR  TITLE-ABS-KEY ( ( 
skull  OR  mandibular  OR  nasal  OR  cervical  OR  rib?  OR  sternal  OR  shoulder?  OR  arm?  OR  humerus  OR  forearm?  O
R  ulnar  OR  radius  OR  distal  OR  scaphoid  OR  pelvic  OR  femoral  OR  patella  OR  crus  OR  tibia?  OR  trimalleolar  OR  
calcaneal  OR  bimalleolar )  W/3  fracture* ) )  AND NOT  DBCOLL ( medl )  
 
Biosis (Ovid) 
1 (non-steroid* adj3 (inflammat* or anti-inflammat* or antiinflammat*)).ti,ab,kf. 
2 ((cyclooxygenase or cyclo-oxygenase or COX-2) adj1 (inhibit* or attenuat*)).ti,ab,kf. 
3 (adapalene or ampyrone or antipyrine or apazone or aspirin or bufexamac or carprofen or celecoxib or clonixin or 

curcumin or diclofenac or diflunisal or dipyrone or epirizole or etanercept or etodolac or fenoprofen or feprazone 
or flurbiprofen or ibuprofen or indomethacin or ketoprofen or ketorolac or masoprocol or meclofenamic or 
mefenamic or mesalamine or naproxen or niflumic or olopatadine or oxyphenbutazone or phenylbutazone or 
piroxicam or salicylate* or sulfasalazine or sulindac or suprofen or tolmetin).ti,ab,kf. 

4 (NSAID? or tactupump or galderma or differin or auralgan or paladin or salicylic or floctafenine or meloxicam or 
nabumetone or napafenac or oxaprozin or tenoxicam or tiaprofenic).ti,ab,kf. 

5 or/1-5 
6 (bone adj3 (broken or fracture* or remodel* or regenerat* or density)).ti,ab,kf. 
7 ((fracture? or bone?) adj3 heal*).ti,ab,kf. 
8 ((displace* or open or closed or comminuted or greenstick or transverse or oblique or buckled or pathologic or 

stress or hairline or compound or traumatic or periprosthetic or linear or spiral or compression or avulsion or 
impacted or burst or chance or flexion or supracondylar) adj3 fracture*).ti,ab,kf. 

9 ((holstein-lewis or jefferson or clay-shoveler or holdsworth or hume or essex-lopresti or galeazzi or colles? or 
smith* or barton* or monteggia or rolando or bennett* or boxer* or duverney or pilon or bumper or segond or 
gosselin or toddler* or bosworth or maisonneuve or "le fort" or pott* or lisfranc or jones or march) adj3 
fracture*).ti,ab,kf. 

10 ((skull or mandibular or nasal or cervical or rib? or sternal or shoulder? or arm? or humerus or forearm? or ulnar or 
radius or distal or scaphoid or pelvic or femoral or patella or crus or tibia? or trimalleolar or calcaneal or 
bimalleolar) adj3 fracture*).ti,ab,kf. 

11 or/7-16 
 

12 5 and 11 
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Table 12-3S: Studies characteristics 

Study Year Species Age Weight Sex Type of 
bone 

Type of NSAID Dose Duration Primary 
outcome 
measures 

Time 
point 

Other 
measurement 

Time 
point 

Akman et al(2) 2002 Rats 20 270 M Tibia NS-COX(Dicl.) 1,2 10 NO NA Clin, Radiog, Hist-
scores(Huo) 

14,28.42 

Allen et al(3) 1980 Rats 6 NA M Other NS-COX(Ind.,Asp.) 2,4,1
00,20
0,300 

21 NO NA Hist-Scores 21 

Altman et al(4) 1995 Rats retired 375 F Femur NS-COX(ind.,ibu.) 1,30 4,12 3PMB-FR 14,28,48,5
7,84 

Hist-Scores(Huo) 14,28,48,57,84 

Beck et al(5) 2003 Rats NA 325 M Tibia NS-COX(Dicl.) 5 7,21 3PMB-
F,3PMB-Stiff 

21 BD-µ-CT 21 

Bergenstock et al 
(6) 

2005 Rats NA 301 F Femur COX-2(Celec.) 3,6,6
0,300 

10 3PMB-
F,3PMB-Stiff 

56 Radiog.(scores), 
Non-union ratio, 
Hist. 

56 

Brown et al(7) 2004 Rats NA 300 M Femur NS-COX(Ind.),  
COX-2(Celec.) 

1,3 28,56,84 3PMB-
F,3PMB-Stiff 

28,56,84 Radiog, Hist-
grades 

28,56,84 

Cappello et al(8) 2013 Rats 3 NA M Tibia NS-COX(Ket.) 5 7,14,21 4PMB-F 21 Hist-description 7,14,21 
Dimmen et al(9) 2008 Rats adult 213 F Tibia COX-2(Par.) 10 7 3PMB-

F,3PMB-Stiff 
6 DEXA-BD 14,21,42 

Dimmen et al(10) 2009 Rats NA 226.5 F Tibia NS-COX(Ind.),COX-2(Par.) 1.625
,1 

7 3PMB-
F,3PMB-Stiff 

21 DEXA-BD 14,21 

Lack et al(11) 2013 Rabbit NA NA NA Ulna NS-COX(Ind.,Aspirin) 10, 
10 

56 3PMB-F 56 Radiog.,Hist. 14,28,42,56 

More et al(12) 1989 Rabbit Adoles
cent 

260 F Tibia NS-
COX(Flunixin,Piroxicam) 

1.1,0.
2 

21 3PMB-F 21 Ankle stiffness Not clear 

Endo et al(13) 2005 Rats 12 250 NA Femur COX-2(Etodolac) 20 7 3PMB-
F,3PMB-Stiff 

21 Radiog.(scores) 7,14,21 

Endo et al(14) 2002 Rats 12 250 F Femur COX-2(Etodolac) 20 21 3PMB-
F,3PMB-Stiff 

21 Radiog.(scores) 7,14,21 

Gerstenfeld et 
al(15) 

2007 Rats NA 449 M Femur NS-COX(Ket.), 
COX-2(Valdecoxib) 

4,5 7,21 3PMB-
F,3PMB-Stiff 

21,35 Hist-mineralization, 
PGE2 level 

21,35 

Gerstenfeld et 
al(16) 

2003 Rats 10 430 M Femur NS-COX(Ket.), 
COX-2(Valdecoxib) 

4,5 21,35 3PMB-
F,3PMB-Stiff 

21,35 Hist. 21,35 

Giordano et al(17) 2003 Rats  100 M Tibia COX-2(Tenoxicam) 20 7,14,28 NO NA Hist.scores(Allen 3,7,14,28 
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Hak et al(18) 2011 Rabbit 48 300 F Tibia COX-2(Rof.) 12.5 28 3PMB-
F,3PMB-
Stiff,3PMB-
WF 

28 Hist., COX-1 & 
COX-2 mRNA level 

28 

Herbenick et al (19) 2008 Rats NA 350 M Femur COX-2(Celec.) 3.2 14,28,56,8
4 

3PMB-F 14,28,56,8
4 

NO  

Hogevold et al (20) 1992 Rats NA 338 M Femur NS-COX(Ind.) 0.2,0.
2 

3 3PMB-
F,3PMB-
Stiff,3PMB-
WF 

6 NO  

Huo et al(21) 1991 Rats Matur
e 

240 F Femur NS-COX(Ibu.) 30 5days 
started 
after 3 days 

3PMB-
F,3PMB-Stiff 

14,28,42,5
6,84 

Hist., BV, (Huo 
grades) 

14,28,42,84 

Inal et al(22) 2014 Rats NA 250 M Fibula NS-
COX(Dicl.,Dexketoprofen) 
COX-2(Melo.) 

1,0.9
8,0.2 

10 NO NA Hist.Scores (Huo) 28 

Keller et al(23) 1987 Rabbit adult 430 NA Tibia NS-COX(Ind.) 10 14,42 3PMB-F 14,42 Hist.Bone tissue 14,42 
Krischak et al(24) 2007 Rats NA 300 M Femur MS-COX(Dicl.) 5 10 NO NA Hist.Bone density 

(No.osteoblasts), 
Radiog. 

10 

Krischak et al(25) 2007 Rats NA 300 M Tibia NS-COX(Dicl.) 5 7,21 NO NA Hist.(tissue type, 
bone, cartilage, 
and fibrous) 

21 

Li et al(26) 2013 Rats 11 276 F Femur COX-2(Celec.) 21 1,4 3PMB-
F,3PMB-
Stiff,3PMB-
WF 

42 Histo-Bone density 28 

Matsumoto et al 
(27) 

2008 Rats 8 250 M Tibia NS-COX(Ketoprofen), 
COX-2(Celec.) 

1,4 3 or till 
scarifice 

NO NA Hist.Bone area, 
Immunohistochem
istry 

7,14,21 

Mullis et al(28) 2006 Mice 10 25 M Tibia NS-COX(Ket.,Ind.), 
COX-2(Celec.,Rof.) 

2,2,1
0/50,
1/5) 

28,56,84 3PMB-
F,3PMB-Stiff 

28,56,84 Hist.(cartilage 
area,  Trap), 
Biochemical 

28,56,84 

Murnaghan et al 
(29) 

2006 Mice 16 45.28 M Femur COX-2(Rof.) 5 24,32 3PMB-
F,3PMB-Stiff 

24,32 Histo.Scores(callus 
size, Fibrous, 
cartilage,bone), 
Radiog.(BD) 

24,32 

Reikeraas & 
Engebretsen(30) 

1998 Rats NA 300 M Femur NS-COX(Ket.,Ind.) 1,2 42 3PMB-
F,3PMB-
Stiff,3PMB-
WF 

42 Radiog. 42 
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Sandberg& 
Aspenberg(31) 

2015 Mice 10 NA M Femur NS-COX(Ind.) 2 7 3PMB-
F,3PMB-Stiff 

17 µ-
CT.(BV,TV,BV/Tv,T.
Th.,T.SP) 

17 

Sassioto et al(32) 2006 Rats NA 355 M Femur NS-COX(Dicl.) 5 NA NO NA Hist.(Examination 
for fibrous, 
cartilage & bone 
tissues) 

7,14,21 

Sevimli et al(33) 2013 Rats 11.6 190 M Tibia NS-COX(Dexketoprofen) 5 14,21,24 3PMB-F 24 Hist.Scores(Huo),R
adiog.Scores 

14,28,56 

Simon et al(34) 2002 Rats NA 584 M Femur NS-COX(Ind.), 
COX-2(Celec.,Rof.) 

1,3,4 28,42,56 3PMB-
F,3PMB-
Stiff,3PMB-
WF 

28,42,56 Hist.(MT,Callus 
Size) 

28,42,56 

Simon et al(35) 2007 Rats NA 272 F Femur COX-2(Celec.) 2,4,8 Different 
effect after 
15 days 
and effect 
of 4mg/kg 
in different 
time points 

3PMB-
F,3PMB-Stiff 

15,5,10,15
,21,28 

Radiog.scores Different effect 
after 15 days 
and effect of 

4mg/kg in 
different time 

points 

Singh et al (36) 2011 Rabbit adult 240 NA Femur COX-2(Etoricoxib) 3 28, 56, 84 3PMB-
F,3PMB-Stiff 

28,56,84 Hist. scores, 
Radiog. scores, 
Morphological 

28,56,84 

Spiro et al(37) 2010 Mice 12 NA F Femur NS-COX(Dicl.) 5 20 3PMB-F 20 Hist.(MT,OSB & 
OSC number & 
Surface), 
CT(BV,TV,BV/TV,T.
Th,T.Sp) 

20 

Tan et al(38) 2009 Rabbit NA 350 M Other NS-COX(Ibu.), 
COX-2(Rof.) 

50,12
.5 

28 3PMB-
F,3PMB-Stiff 

42, 84 Hist.(MT, callus 
Size, Cartilage) 

21,42 

Tiseo et al(39) 2006 Rats NA 341 NA Femur NS-COX(Dicl.), 
COX-2(Rof.) 

3,1 14,28 NO NA Hist.(callus area, 
Bone area,bone 
new formation 
area), Radiog. 

14,28 

Tornkvist et al(40) 1984 Rabbit 16 210 NA Femur NS-COX(Ibu.,Ind.) 15,10 56 3PMB-F 56 NO NA 
Utvag et al(41) 2010 Rats 113 350 M Tibia NS-COX(Dicl.), 

COX-2(Par.) 
1,2 7 3PMB-

F,3PMB-
Stiff,3PMB-
WF 

30 DEXA-BD 30 

Bissinger et al 
2016(42) 

2016 Rats 16 500 M Femur NS-COX(Dicl.) 5,0.5 21 3PMB-
F,3PMB-Stiff 

21 µ-
CT(BV,TV,BV/TV,T.
Th,T.S) 

21 
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NA-not available; NO-not measured; M-male; F-female; NS-COX-nonselective cyclooxygenase; COX-2-selective cyclooxygenase-2; 3PMB-F-3 points mechanical bending (force to fracture); 3PMB-
stiff.- 3 points mechanical bending (stiffness); 3PMB-WF-3 points mechanical bending (work to failure); µ-CT- micro-computertomographic; MT-mineralized tissue; BV-bone volume; BV/TV-
bone volume/ tissue volume; T.Th.-trabeculae thickness; T.Sp-trabeculae space; OSB-osteoblast number; OSC-osteclast number 

 

Bo et al 1976(43) 1976 Rats Adoles
cent 

187 M Femur NS-COX(Ind.) 2 6,9,12,18,2
4 

3PMB-
F,3PMB-Stiff 

6,9,12,18,
24 

Hist.(area of 
mineralization), 
Plasma level of 
Indomethacin 

21 

Ochi et al 2011(44) 2011 Dogs 11m NA F Tibia NS-COX(Carprofen) 2.2 120 3PMB-
F,3PMB-Stiff 

120 Hist.(callus 
area,Cartilage), 
Radiog. 

120 

Karachalios et al 
(45) 

2007 Rabbit 12 340 M Ulna NS-COX(Ind.), 
COX-2(Melo.,Rof.) 

2,0.3,
0.5,2.

5 

5 3PMB-
F,3PMB-Stiff. 

42 Hist.(histomorpho
metrics- BC,OCC) 

42 

Sudman & Bang(46) 1979 Rabbit 18 200 F Radius NS-COX(Ind.) 5,10 14,28 NO NA Hist.(Flourochrom 
label for harvesian 
system), 
Indomethcin 
Plasma level 

Not Clear 
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Supplementary information for material and Methods of manuscript II 

 

Guarding behaviour test (GBT) 

Guarding behaviour test was done according to already stablished protocol (1). Each mouse was 

placed individually on an elevated stainless-steel mesh. Both paws (of the fractured and non-

fractured legs) were carefully observed for one-minute periods every five minutes over one hour. A 

score of 0, 1, or 2 was given according to the postural position of each paw in the one-minute scoring 

periods. Score 0 was given if the paw skin was blanched or distorted by the mesh (indicating weight 

bearing), while score 2 meant that the paw was entirely off the floor. If the paw touched the floor 

without blanching or distorting, then a score of one was assigned. After the 1-hour session, the sum 

of the 12 scores (0–24) given during the session was calculated for each paw. Subsequently, the 

scores of the fractured and non-fractured legs were compared between different experimental 

groups. 

Weight-bearing test (WBT) 

Weight bearing test was done to test the recovery of treated limb according to an already 

established protocol (2). The relative distribution of weight the animal bear on the injured, and 

uninjured legs was determined by an in-capacitance meter (IITC.inc, CA, US). Each mouse was 

positioned in an angled chamber so that each hind paw rests on a separate weighting plate. The 

weight exerted by each hind leg was measured for 5 seconds and then averaged. The change in paw 

weight distribution was calculated by determining the difference in weight (g) between the left 

(control) and right (fractured) legs. This difference had been used as a pain index in the fractured 

leg. 

Microcomputed tomography (μCT) assessment  

Ex-vivo scans of 14-day harvested tibiae were conducted using a micro-CT (Skyscan 1172; Bruker-

microCT, Kontich, Belgium). Scans were taken with a 5.88 mm pixel size, at scanner voltage and 
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current set to 59 kV and 167 lA, respectively. 3D reconstructions were created using the (CT-

Analyser; Bruker micro-CT, Kontich, Belgium) software to measure the callus size, total volume (TV), 

and bone volume (BV). The bone volume fraction (BV/TV), and the trabecular number and thickness 

were calculated for the volume of interest, which encompasses the fracture callus within a 1.5 mm 

(255 slices) vertical range, centred on the osteotomy site. The region of interest (ROI) for each 

section was selected as the outer boundary of the fracture callus, excluding the fibula. A binary 

threshold gray level of 68/255, corresponding to the murine trabecular bone, was used to segment 

mineralized bone from soft tissue (3-6) (Table 13-5S). 

Biomechanical testing 

The biomechanical properties of the fracture site were tested according to a previous protocol (7). 

A three-point bending test performed using a Mach-1a mechanical testing machine (Biomomentum 

®, Laval, Quebec). The distance between the supports with the bending fixture was 10 mm, and the 

diameter of the supports and loading nose was 0.25 mm. The amchine applied downword load to 

the fracture site of the bone at a rate of 0.016 mm/second until failure. A load-displacement curve 

generated using Mach-1 software (Tempe, Arizona); this was used to determine three parameters: 

stiffness (N/mm), ultimate force (N), and work to failure (N*mm).  

Histological analysis 

We dehydrated the bone defect samples (right tibiae) in ascending concentrations of ethanol (70–

95%) and embedded them in methyl methacrylate at the Bone Biology Lab, McGill University. After 

polymerization, three subsequent 6-μm-thick sections, crossing through the middle of the defect, 

were obtained from each sample and stained with either tartrate-resistant acid phosphatase (TRAP), 

Masson's-trichrome or Von-Kossa stain to assess osteoclasts, collagen, and mineralization, 

respectively. For each sample, we analyzed one histological section per stain. Images of the 

histological slides were produced using an optical microscope (Zeiss-Microscopy, Jena, Germany). 
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We defined the region of interest for osteoclast, collagen and mineralized tissue histomorphometry 

as the area of the histological section enclosed by the cortical margins and the borders of the healing 

callus of the fracture site. Osteoclasts were calculated using ZEN-2012-SP2 imaging software (Zeiss-

Microscopy, Jena, Germany), and the data was demonstrated as osteoclasts number per square 

millimetre of mineralized tissue (OC/mm2). We analyzed the percentages of mineralized tissue and 

collagen in the region of interest of the healing site using ImageJ v1.45 (Wayne Rasband; NIH, 

Bethesda, MD, USA) and documented as mineralized tissue percent (MT%). Histomorphometric 

analysis performed by an operator, who was blinded to group allocation (8, 9). 

Cytokines profile for blood serum 

Blood serum was collected from each mouse at day three after the surgery and frozen at -80° in 

separate vials until further analysis. For cytokine analysis, the serum samples were thawed at room 

temperature. A multiplex inflammatory cytokine kit (Mouse Cytokine Magnetic 20-Plex Panel-

Thermofisher Scientific, Waltham, MA) and the Luminex 100/200 Multiplexing Instrument (Luminex 

Corp., Austin, TX) was used to analyze the inflammatory cytokine profile of each serum sample. The 

Mouse Cytokine Magnetic 20-Plex kit was used for bead assays of FGF basic, GM-CSF, IFN-γ, IL-1α, 

IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p40/p70), IL-13, IL-17, IP-10, KC, MCP-1, MIG, MIP-1α, TNF-α, 

and VEGF. These assays were performed following the manufacturer’s protocol. The 

Luminex®100/200 System and xPONENT instrumentation software were used for measurements 

and analysis (10, 11). 

RNA isolation and Whole-Transcript Expression Analysis 

The central one-third of the fractured tibia including all the callous and hematoma was harvested 

on day three post-fracture from the experimental groups and stored in Alloprotect (Qiagen, 

Toronto, Ontario). The total RNA was isolated from bone tissue using QAlzol (Qiagen, Toronto, 

Ontario) and then purified using RNeasy Lipid Tissue Mini Kit columns (Qiagen, Toronto, Ontario) 
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following the manufacturer's instructions. The extracted total RNA sent for Whole-Transcript 

Expression Analysis. Total RNA was quantified using a NanoDrop Spectrophotometer ND-1000 

(NanoDrop Technologies, Inc., Waltham, MA) and its integrity was assessed using a 2100 Bioanalyzer 

(Agilent Technologies, Waltham, MA) (Fig.S1a,b). Sense-strand cDNA synthesized from 100 ng of 

total RNA, and fragmentation and labelling were performed to produce ssDNA with the Affymetrix 

GeneChip® WT Terminal Labeling Kit (Thermofisher, Waltham, MA) according to the manufacturer’s 

instructions. After fragmentation and labelling, 3.5µg DNA target was hybridized on GeneChip® 

Mouse Gene 2.0 ST (Affymetrix, Waltham, MA) and was incubated at 450C in the Genechip® 

Hybridization oven 640 (Affymetrix, Waltham, MA) for 17 hours at 60 rpm. The GeneChips then 

were washed in a GeneChips® Fluidics Station 450 (Affymetrix) using Affymetrix Hybridization Wash 

and Stain kit according to the manufacturer’s instructions (Affymetrix). The microarrays finally were 

scanned on a GeneChip® scanner 3000 (Affymetrix). The data were normalized, and the analysis was 

only included the identified units within the samples. The analysis was conducted using GeneSpring 

GX 10 software (Agilent, Santa-Clara, CA, United States). To identify genes differentially expressed 

between groups of mice that received NSAID during active versus resting time and control groups, 

we used unpaired Student’s t-tests to compare between groups. The genes that presented an up- 

or down-regulation with p-value < 0.05 were identified. To avoid loss of substantial numbers of true 

positive genes, no correction was performed for multiple testing.   

Using the Gene Ontology (GO) database (PANTHER Classification version 11), the PANTHER 

Overrepresentation Test was performed on the list of genes that were differentially and significantly 

expressed (as described above) to identify the functional biological processes involved in the genes. 

Specifically, this binomial test determines whether there is a statistical overrepresentation or 

underrepresentation of the genes that expressed differently between the active versus resting time 

group relative to the reference list in the GO ontology database for the mice species (a full list is 
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published in the Gene Expression Omnibus (GEO) data repository, available upon request). Using 

the PANTHER Classification System, a ‘gene ontology’ classification of the genes/expressed 

sequence tags (ESTs) that are significantly (p < 0.05) up- or downregulated was performed to 

compare between different experimental groups. We classified differentially expressed genes into 

various biological processes to assess their functional significance, then calculated the proportional 

distribution of genes in each process. 

The list of genes that significantly differentiated between active versus resting time groups were 

employed to identify significantly activated pathways by comparing their functional annotations 

according to the PANTHER Classification System (www.pantherdb.org) with the whole mouse 

genome (data updated to NCBI’s January 10, 2011 release) by the binomial distribution function 

(12). 
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Table 13-1S: Phases during secondary fracture healing. 

Timing of cellular and expression of signalling molecules during mice fracture healing (16-20). 

Day Event Molecular signalling 
Cells 

 
Signals/Cytokine 

1 Hematoma 
formation and 
initiation of 
acute 
inflammation 
(Activation and 
recruitment of 
Proinflammtory 
cells and 
cytokines) 
 

Macrophages, 
neutrophils and 
attraction of 
mesenchymal 
stem cells 

IL-1, IL-6, IL-8, IL-11, TNF-α, CCL2, CCL7, IP-10 (from inflammatory cells-
Monocytes /macrophage) 
PDGF, TFG-β (from degranulation platelets) 
BMP-2 expression  
GDF-8 and osteoprotegerin expression 
 

3 Fibrous tissue 
(Angiogenesis) 

Mesenchymal 
stem cells, 
osteoblast start 
to differentiate in 
intramembranous 
bone 

Expression of: CCL3, CCL11, IL-10, HIF1 α protein, HMOX, VEGF and GLUT1, 
TGF-β2, β3, GDF-10, BMP-5, -6 and RANKL and M-CSF, MIF (decreased for 
2wks) 
Decline of cytokines: CCL7, IL-6, IL-1 
Induction of Angiopoietin-1(angio 

 
7 Soft and hard 

callus 
formation 
(Endochondral 
ossification) 

Intramembranous 
ossification’s cell 
proliferation 
(peaks between 
7-9 days). 
Maturation of 
chondrocytes 
(days 9-14) 

Expression of CXCL12 
The peak of TGF- β2, β3 & osteoprotegerin 
Expression of GDF-5 and probably GDF-1 
 

14 Cartilage 
resorption and 
Active 
osteogenesis 
 

Osteoblastic and 
osteoclastic cells 
activities, along 
with new 
mesenchymal 
cells 

Decreased levels of expression for TGF-b2, GDF-5, and probably GDF-1 
Expression of BMP-3, -4, -7, and -8 
Expression of VEGF and RANKL, M-CSF 
Peak of  IL-1 and TNF-a expression that continues during bone remodelling  
 

21 Remodelling 
 

Continuous 
osteoblastic and 
osteoclastic 
activities 

Second peak of IL-1, IL-6, and TNF-a expression which continues during bone 
remodelling 

 
 
 

Table 13-2S: Circadian rhythm of immune cells and cytokines expression during the day in various 
species (Human and Mice). 

Cytokines/ 
Chemokines 
ligands or 
receptors/  

Role in inflammation, and bone 
healing 

Circadian 
Rhythm 

Reference 

IL-4 Th2 cytokines that are associated 
with macrophage M1-M2 polarization. 
Expresses at 3-4 days after fracture 
associated with anti-inflammatory 
macrophage trait   

H-ZT18 (21) 
(17) 

VEGF Secreted by endothelial cells, induce 
angiogenesis and growth. Expresses at 
the end of hematoma formation when 

M-serum 
Peak during 
the dark phase 

(22) 
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the hypoxia state start (around 4 to 14 
days after fracture) 

and lower 
levels at light 
phase (ZT2 
and ZT14) 

IL-6 IL-6 is the cytokine largely 
responsible for inducing the synthesis 
of the acute phase proteins C reactive 
protein and serum amyloid protein A 
(SAA) and is one of 
the major cytokines involved in bone 
resorption. Highly expressed in day 1 
and with presence of inflammation 
expressed at day 7 and 14 

H-Morning 7:30 
 
Healthy and 
RA patients at 
4:00 am 

(23), (24) 
 
 
(18) 
 

IL-10 Healing in fetus(25),  Expressed at 
day 4-7 after fracture 

H-Morning 7:30 
with second 
peak at 13:30 

(23) 

TNF-a 
and its receptors 
(p55 and p66) 

expressed in day 1 and later in day 
21 and 28, the depressed level at day 
7 

H-S-Morning 
7:30 
6:00 am in 
healthy and RA 
patients 

(23) 
 
(18) 

MMP-9 Potent degenerative enzyme  H-Tears-
Increase 200-
fold on 
awakens 

(26) 

IL-1B One of the most potent osteoclast-
activating factors within the human 
organism and is thus believed to play 
an important role in periodontal tissue 
breakdown, IL-1 peak ion the 3rd day 
after fracture, expressed in day 1 and 
later in day 21 and 28, depressed 
level at day 7  

H-GCF-  
Periodontal 
healthy 
subjects-lowest 
morning, 
highest 
evening 
(melatonin can 
affect) 

(27) 
 
(28) 
 
 

Osteoprogetron 
(OPG) and its 
receptor (RNKL) 

Peaks in the fracture site after 
24hours and at the peak of cartilage 
formation phase day 7, while RANKL 
osteoprotegerin was seen on day 3 
and 14 like MCSF 

 (18) 

IL-1R1 and 
receptors 

Expresse on day 1 and 3 post 
fracture 

 (18) 

IL-5 Recruitment and activation of the 
OPG and inhibition of osteoclast 
activity 

 (29) 

Macrophage 
inhibitory factor 
(MIF) 

Expressed at day 4 of fracture and 
decreased gradually for two weeks. 
Counter-regulator of glucocorticoid 
action. 
Induced immunosuppression and 
glucocorticoid 
Induced proinflammatory cytokine 
inhibition. 
8% of macrophage cells and their 
secretion is under local circadian 
control-IL-6 or TNF-a 

H- peaks 6:00-
9:00 am 
Nadir: 00:00 to 
3:00 

(30), (31) 
 
 
 
 
(32) 
 
 
 
(33) 

CXchemokines 
ligands 
CXCL12 

Induced recruitment and retention of 
haemopoietic stem cells and 
macrophage cells and mature 
immune cells, Upregulate during the 
acute phase of bone healing 

Down regulate 
at the 
beginning of 
the resting 
phase to allow 
release of the 
cells in the 
blood (ZT23, 
ZT1, ZT24) 

(17) 

CXCR4 Receptor of the CCL12 on the cells 
and CD4 and CD8 and T cells. 

Peak during 
the resting 
phase  

(17) 
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Human, M-mouse, CT: actual circadian time in hours (e.g. CT6 = 6AM); ZT: Zeitgeber time: time after the onset of light 
with lights on at ZT0/24 and off at ZT12ZT 0-light on, ZT12-Light off 

 

Table 13-3S: The percentage distribution of biological process ontologies identified for upregulated 
and downregulated between active time administration of NSAID group versus resting time 
administration of NSAID after fracture surgery on day 3. 

 

 

 

 

 

 

 

 

 

 
Statistically significant genes at least 1.5-fold change (p<0.05), N gene hits against total number of genes  

Associated with the recruitment of 
BM-MSCs to the fracture site   

P-selectin, E-
selectin, VCAM-1 
ICAM-1, Ccl2 

Initiation of the inflammatory phase of 
the endochondral ossification healing.  
Express in day1 – day3 

M-bone 
marrow –
(ZT13) 

(17) 

INF Role in initiation and activation of 
macrophage polarization from M0 to 
M1. Expresses in day 3 

Natural killer -
M – (ZT 14-24) 

(17) 

TLR9 
Toll-like receptor 
9 

Modulates the inflammatory response 
during bone helaing and may affect 
the osteoclastogenesis through its 
affect on osteoclasts cells or 
osteoblasts. Its subunit of TLR family  

M-ZT19-7 (34) 

Neutrophils, 
lymphocyte, 
monocyte, 
eosinophils 

Recruited to the fracture site for 
secretion and initiation the 
inflammatory phase,   
Highly expressed at day 1 

M-CT17 
(during active 
phase) 

(35) 

Macrophages  Recruited at the beginning of the 
inflammatory phase at the fracture 
site (role in secretion of different 
proinflammatory and anti-
inflammatory cytokines) 

M-CT0-12 
(during resting 
phase) 

(33) 

Β-cells and T-
cells 

During later stage of inflammatory 
phase, B-cells and T-cells are 
involved in suppression of the pro-
inflammatory signals, and able to 
induce anti-inflammatory functions 
from mesenchymal stem cells and 
has been shown to induce osteogenic 
differentiation and activity 

M-ZT5-13 (36) 

Biological processes ontologies 
 

N genes (%) 
Significantly 
upregulated 
genes  

N genes (%) 
Significantly 
downregulated 
genes  

Biological regulation 5(9.6) 28(25.5) 
Cellular component organization 
and biogenesis 

5(9.6) 19(17.3) 

Biological adhesion - 5(4.5) 

Cellular process 18(34.6) 47(42.7) 
Developmental process 1(1.9) 7(6.4) 
Immune system process 1(1.9) 21(19.1) 
Localization 5(9.6)  24(21.8) 
Locomotion 1(1.9) 2(1.8) 
Metabolic process 17(32.7) 42(38.2) 
Multicellular organismal process 5(9.6) 18(16.4) 
Reproduction 1(1.9) - 
Response to stimulus 5(9.6) 25(22.7) 
 64 238 
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Figure 13-1S: The percentage distribution of biological process ontologies 

Biological processes identified for statistically significant genes (p < 0.05) differentially upregulated (a) 
and downregulated (b) between group received NSAID upon active time as compared to that in the 
group received NSAID at a resting time at day three post-surgery. 
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Table 13-4S: Examples of expressed genes of RNA sequencing analysis in the healing callus. 

Genes of known function in bone healing after 3 days of NSAID administration at active time in comparison to resting 
time, p-value < 0.05. 

 
 

Gene Cells 
expresses the 
gen 

Role in bone healing Reference 

 
Examples of upregulated genes 

CCL3    
(Chemokine (C-C motif) ligand 3) 
Macrophage inflammatory protein 

Macrophage  Contribute in the recruitment of 
mesenchymal stem cells and their 
differentiation  

(17) 

CCL12 
(Chemokine (C-C motif) ligand 12) 
monocyte chemotactic protein 

Macrophage Contributes in the recruitment of 
mesenchymal stem cells and their 
differentiation  

(17) 
 
(37) 

FGFbp  
Fibroblast growth factor-binding 
protein  

Fibroblast  Important in the endothelial cellular 
proliferation 

 

Retnla/FIZZ1 
Resistin-like molecule alpha 

Macrophage Polarization from M1 to M2 phenotype (37) 

IL-4R1/t6N 
Interleukine-4 receptor subunit-1 

Macrophage Important in activation of M1 to M2 
polarization 

(37) 

Lzic bone marrow 
mesenchymal 
stem cell 

Accelerates the degradation of phospho-
β-catenin, resulting in an increased level 
of WNT signaling, a recognized pathway 
in osteogenesis  

(38) 

 
Examples of downregulated genes 

IL-18 
Interleukin-18 

Macrophage Overproduction of IL-18 stimulates IFN-γ 
production and suppresses IL-4 in vivo, 
resulting in cortical thinning and 
decreased bone volume in a mouse 
model 

(39) 

IL-6rα 
Interleukin-6 receptor subunit α  

Leukocytes 
(Neutrophils- 
Pain receptor) 

Blockade of IL-6 ra decrease pain and 
improve improves compromised fracture 
healing 

(40) 

STAT1 
Signal transducer and activator of 
transcription 1 

Transcription 
factor that 
mediate IFNY, 
IL-6 and IL-12 
and many pro 
inflammatories 
after acute 
insult (like a 
fracture). 

Inhibition of Stat1 showed to accelerate 
bone healing, STAT1 as a crucial 
negative regulator for both osteoblast 
differentiation and osteoclastogenesis, 
and also suggest that inhibition of STAT1 
activity may be beneficial for the 
treatment of skeletal fracture 

(41) 

IL-9 
Interleukine-9 

Macrophage 
and T helper 
cells  

Increased level of IL-9 in the fracture 
haematoma of delayed bone healing 
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Figure 13-2S: Representative Bioanalyzer electropherogram profile of the RNAs contained in 
the healing callus after open tibia fracture surgery and three days of administration NSAID 
either during the resting time (a) or during activity time (b). 
The electrogram show the size distribution in nucleotides (nt) and fluorescent intensity (FU) of total RNA. The 
most dominant peaks are 18S and 28S. Associated gel image shown alongside the plot. 
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Figure 13-3S: Gene expression heat map for the top 100 genes that showed at least 1.5-fold 
difference (P<0.05) upregulated (red) or downregulated (blue) at day three after fracture surgery 
between group receiving NSAID at activity time compared to control (a) and t those receiving NSAID 
at resting time compared to control (b). 
Gene expression profile of bone healing at day three after fracture surgery between group received NSAID upon active 
time as compared to that in group received NSAID at resting time. (c) Comparison of common and distinct genes of 
fractured healing callus after NSAID administration for three days either during activity time or at resting time. Fold-
change (FC) vs. FC plot of activity time vs. control (without surgery) on the x-axis and resting time vs. control on the y-
axis highlighting common significantly expressed genes (adj.p value p<0.05) in both activity and resting in comparison 
to control in red, and significantly expressed genes (adj. p<0.05) either during activity or resting time. 
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Table 13-5S: µ CT 3D Reconstruction 

1- Open CTAn software(CT-Analyser; Bruker micro-CT, Kontich, Belgium). 
2- Click folder button, load reconstructed CT data. 
3- On Raw Image, Select the top and bottom section (from the fracture center, 

approximately ±2mm, end of bone callus). 

 
4- Select the biggest callus area, click on <Region of Interest (ROI, and choose all callus 

area 
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5- Check on other section, whether all the callus is included within ROI. Refine the ROI 
when move up or down to all the section. 

       6- Binary selection; to remove all the cortical bone part in the callus tissue 
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7- custom processing, then we will see the cortical bone ROI image is overlap with our 

current ROI  

 

8- Binary selection, and this time all the cortical bone are removed as the picture below. 
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9- Save and reopen the binary data. 

 
10- Custom processing, open the internal tab and choose  3D analysis for  BV/TV, Trabecular 
bone number , thickness and spacing. 
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14 Appendix III- Questionnaire and documents of clinical trial protocol
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Figure 14-1S: Study flow chart 
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Table 14-1S:Schedule of enrolment, interventions and assessments(as per SPIRIT) (239) 

 Enrolment Allocation Post allocation 

TIMEPOINT** -3 Day 
Day0 

(before 
surgery) 

Day0 
(after 

surgery) 
Day 

1 
Day 

2 
Day 

3 
Follow 

up 
(Day 4) 

ENROLMENT: 
       

Eligibility screen X       

Informed consent  X       

Allocation  X      

INTERVENTIONS:        

Group1-NSAID 3 
times/day 

       

Group2-NSAID in 
the morning only 

       

ASSESSMENTS:        

VAS 
  X X X X  

Type of food 
  X X X X  

Number and time of 
rescue medication 

  X X X X  

Side effect 
  X X X X  

C-RP 
 X     X 

MID 
 X     X 

DHC 
 X     X 

DHS 
 X     X 
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Name: _____________________________________________________________________ 

Address: ___________________________________________________________________ 

Subject Information and Informed Consent Form 

Protocol Code:   ICF Version:  ICF Code:  

                
Subject Code:       

        
Informed Consent for Participation in a Clinical study 

Please carefully read the following information about nature, significance, procedure and 
consequences of the planned study before you decide to take part. Please feel free to ask us if 
there is anything that is not clear or if you would like more information. We are here to answer 
a n y  q u e s t i o n s  t h a t  y o u  h a v e  a t  a n y  t i m e  d u r i n g  t h e  s t u d y .   

•   The aim of this trial is to compare the effect of chronotherapy (Time-specified dose) of 
Ibuprofen on the healing after third molars extraction 

• The conduct of clinical studies in the development of a drug for use in humans is inevitable. This 
study is conducted to clinically verify that the potential product is effective at the morning dose 
than evening for the treatment of inflammation conditions after third molar extraction. 

• The study will be conducted in accordance with the internationally established guidelines for good 
clinical practice (GCP) and the Declaration of Helsinki. The study has been submitted to an 
Independent Ethics Committee, who has returned a positive vote/favorable opinion. The 
responsibility for the study remains with the principal investigator, dr Zaid Tamimi 

• During a clinical study, a participant's personal data and medical findings are collected. These 
data are forwarded, stored and reviewed according to legal Jordanian regulations. Prior to 
participation in the clinical study this requires your unsolicited consent. 

• With my signature, I confirm that I have had sufficient time to read and understand the 
information provided in this Subject Information. All my questions were answered to my 
satisfaction 

• I agree that data/medical data collected within the scope of this study are stored on paper 
and on electronic data carriers and are forwarded in an anonymous form to the sponsor 
of the study for clinical evaluation and the responsible regulatory authority Jordan Food 
and Drug Administration for review of the correct performance of the study. 

I also agree to the review of my data collected by the investigator by persons authorized and sworn to 
secrecy by the sponsor, the responsible national (and foreign) regulatory authority or the 
responsible federal authority as far as this is necessary for the survey of the study. For this 
procedure/measure I release my investigator of his obligation to medical confidentiality as in the 
above mentioned conditions. 

  I agree I do not agree 

Participant Name   ---------------------------------------------------------------  Birth date: 
National No. (Jordanian)/Passport No. (Other nationality):  
Address: ❑ Home --------------------------------------------  

 Work  ---------------------------------------------  
Telephone No.: ❑ Land line ------------------------------- 

 Mobile --------------------------------------  
Participant Sign.  ------------------------------------------------------------------------------ Date: 
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Protocol Code:   ICF Version:  ICF Code:  

                
Subject Code:       

        

You may potentially receive no benefit from this study, but it will have beneficial returns to society. Th   
will compare the effect of chronotherapy (Time-specified dose) of Ibuprofen on the healing after third  

extraction to relief inflammation to provide later it to the market to be used by patients 
   

A) Sponsor's address: 

Jordan University of Science 
and Technology represented by 
doctor Zaid Tamimi     

Study Center: 

The clinical part of this study will be performed at King Abdullah University Hospital and 
Dental Clinic Teaching Center at Jordan University of Science and Technology, Irbid, 
Jordan. Tel: + +962 2 7200600 

B) Trial Substance: 

Serodase is a drug that has been approved by the Jordanian Food and Drug 
Administration (Ministry of Health) since the year 1999. 
• Serratiopeptidase is the active ingredient which has been in the market since the year 1960 
• Administered dose 1-2 soft gel (400 mg each tablet) four times daily 

• Side effects: 

All medications may cause certain side effects and discomforts. Not all NSAIDs have the 
same safety profile; Ibuprofen has the most favorable GI safety profile of all NSAIDs, The 
study doctor will be directed you to take this medication, remember that he has judged that 
the benefit to you is greater than the risk of side effects. Most people using this medication 
do not have serious side effects. Ibuprofen at normal doses usually has no side effects. 
Most people using this medication do not have serious side effects. 
 Ibuprofen rarely cause side effect such as unexplained stomach pain (abdominal pain) or 
other abnormal stomach symptoms, indigestion, heartburn, feeling sick and/or vomiting. 
Allergic reactions (e.g. Unexplained wheezing, shortness of breath, skin rash, itching or 
bruising,) Severe sore throat with high fever, Yellowing of the eyes and/or skin, Blurred or 
disturbed vision , Fluid retention , Very rarely Ibuprofen tablets may cause aseptic 
meningitis, severe skin reactions (e.g., Stevens-Johnson syndrome),  small increased risk of 
heart attack (myocardial infarction) or stroke , Ibuprofen tablets has also been shown to 
sometimes worsen the symptoms of Crohn's disease or colitis 

The investigator will inform you about any new information related to the investigational 
product.  
Please immediately inform your investigator of any side effects or impairments to your 
health that you may experience.  
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Phone: ______________________________ 

                                                                                                                                DD          MM                   

Subject Information and Informed Consent Form 

 نموذج معلوملت الدراسة و اقرار المشاركة

Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  

 

Conditions of entry: 

There are some general considerations that should be emphasized on before signing the informed 
consent form and before testing your suitability to participate in this trial. 

 

 

 

 

 

 

 

 

 

 

Trial Procedures:  

66 participants are taking part in this study for 5 days 

Confidentiality: 

By taking part in this study, you consent that only the information that is necessary for the analysis and 

evaluation of the study will be collected by The First for Research and Development L.L.C  Company. 
and its authorized representative. The information will not identify you by name but by a number and your initials. 
If the result of the study published, your identity will remain confidential. 

Your anonymous medical information will be kept by the study investigators and The First for research and  

development L.L.C Company Your Information will be transferred into a computer data base and processed 
to  

allow the result of this study to be analyzed and reported or published. You have the right to access, through your  

study doctor, all the information collected about you and If applicable, ask for corrections, however in order to  

protect the scientific integrity of the study, 

I am here by the under signed confirm and agree on the following: 

• To the best of' my knowledge. My health status is good. l do not need any treatment and all the 
information that I provide about my medical history is accurate. 

• I am between 18-35 years old.  
• I have not donated participated in any other clinical study within 8 weeks before enrolling in this 

study. 
• I accept to undergo a dental physical checkup and examination by the study dentist.  
• I do understand that according to the results of these investigations I will be included or excluded 

from the study. 
• I agree to commit to the instructions given to me by the principal investigator and/or the co-

investigators. 
• I have received a copy of the general instructions that explains study activities and the obligations I 

have during the study. 

Gender: 1 Female           2 Male                   Data of birthday:  ___ ___ / ___ ___ / ___ ___ ___ ___ 
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Subject Information and Informed Consent Form 

 نموذج معلوملت الدراسة و اقرار المشاركة

Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  
 

the treatment you received in this study needs to remain unknown (blinded) until the study data is 
analyzed. Only authorized representatives of The First for Research and Development L.L.C 
“Company. The institutional Review Board that approved this study and the regulatory Authorities 
(Jordan Food and Drug administration/Ministry of Health) will have direct access to your medical 
records. This; is, Necessary to check that the study is being performed correctly and that the 
information collected about you is accurate. All personnel accessing your records are required to 
respect your Confidentiality at all times. 

If you should withdraw from the study, study data collected prior to your withdrawal may still be 
processed along with other data collected as part of the clinical study. However, you have the right to 
require that no new information is collected for the study data. 

 Authorizing the use of medical information 

The Clinical study may only be performed by collecting and using, your medical information. National 
and international data protection regulations give you the right to control the use of your medical 
information. Therefore by signing this consent form you specifically authorize your medical information 
to be checked, transferred and processed as follows: The authorized representatives of The First for 
Research and Development L.L.C “Company. The institutional Review Board, and the 
regulatory Authorities' inspectors may review your medical information by direct access to your 
medical records. Study data. Including your anonymous medical information may be processed. Which 
means it will be collected, entered into computer databases, verified, analyzed, printed and reported 
as Necessary for legitimate scientific purposes, including use in future medical or pharmaceutical 
Research. 

Risk and safety procedure: 

o Please note that every medicinal drug can in, exceptional cases, cause side effects which are 
unexpected or which have not previously been observed. 

o For your safety ,side effects  are examined regularly during the complete study 

Withdrawal of consent or premature termination: 

Every participants has the right to withdraw his consent to participant in this study at any time without having to 
give a reason and without suffering any consequences. For your safety and in your own interest however, it is 
important for you to undergo the final examination if you took the drug dose. 

The investigator can stop participation at any time without your consent if it appears to be medically harmful to 
you if he/she considers the outcome of the trial at risk due to your failure to follow directions correctly. The study 
may also be terminated by the sponsor and/or the Institutional Review Board/Independent Ethics Committee. 

Insurance:   

 The sponsor of the study (Jordan University of Science and Technology) represented by the first 
for research and Development Company will buy insurance to cover study related injuries for you if you 
are taking part in this study.  
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Subject Information and Informed Consent Form 

 نموذج معلوملت الدراسة و اقرار المشاركة

Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  
 

 The insurance company will pay compensation where the injury probably resulted from: 

o A drug being tested or administered as part of the trial protocol. 
o Any test of procedure you received as part of the trial> 

 

The insurance Company will not be bound by these guidelines to pay compensation where: 

o The injury resulted from a drug or procedure outside of the trial protocol. 
o The protocol was not followed. 
o There was contributory negligence by the patient 

 

Contacts for Information 

• If you have any questions about the study, please contact clinical site responsible person Dr.Zaid Tamimi. 
• If you have an injury/side effect caused by the study, please contact the Jordan University of 

Science and Technology represented by doctor Zaid Tamimi      079503670   
 
 

Expenses and payments  

You will not receive payments for taking part in this study, but the study drug will be made available to you at no 
charge, the extraction procedure will be free of charge as well, and you will not be required to pay for any study 
procedures or visits. 

Consent Form 

• I herewith give me my consent to participant in this trial voluntarily, based on the information about 
the trial provided to me by the investigator and all my questions were answered to my satisfaction. 

• I have received a copy of the subject information. I have the right to obtain a copy of this informed 
consent form.  

Participant name & Signature: Date: 
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Subject Information and Informed Consent Form 
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Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  
 

 

 

1st witness name& Signature: Date: 

2nd witness name& Signature: Date: 

Clinical Investigator name& Signature: Date: 

Principle investigator name& Signature: Date: 
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Protocol Code: ICF Version: ICF Code: 
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 اقرار الموافقة على المشاركة في دراسة سریریة

 
 نرجو منك أن تقضي وقتا كافیا لمطالعة المعلومات التالیة بتمعن قبل أن تقرر المشاركة وھي معلومات تتعلق بطبیعة
 وأھمیة ,. ومجریات ونتائج الدراسة المنوي إجراؤھا. ولك الحق و الحریة في توجیھ آیة أسئلة أو االستفسار عن أیة

 لاتكمعلومة غیر واضحة في أي وقت أثناء الدراسة. و من واجبنا االجابة عن كل تساؤ
 

لناتجھ  افي عالج االلتھابات غیر البكتیریھ(جرعھ محدد من الوقت ) ایبوبروفینإن الھدف من ھذه الدراسة ھو التحقق من فاعلیة المستحضر  •
 العقلبعد الخلع الجراحي للضرس 

 بد منھ . وتستھدف لانسان ھو أمر الااة  من اإلشارة إلـى أن اللجوء إلى الدراسات السریریة فـي سیاق تطویر مستحضر دوائي لصالح صح بدلا 
 زھذه الدراسة الحصول على إثبات سریري لفاعلیة مستحضر سیرودا

عرض الدراسة على لجنـة  سیتم تنفیذ الدراسة طبقا لألنظمـة الدولیة المعتمدة فـي الممارسة السریریة الصحیحة ومیثاق ھلسنكي . وقد تم •
اجر انھا , وقد أنیطت مسؤولیة الدراسة بالباحث  أخالقیات مستقلة . وقامت ھذه اللجنة بإیـداء رأي إیجابي بشأنھا والمصادقة على

 زید التمیميالدكتور ,  )لمسؤول(
وحفظ ,  سوف یتم تقدیم و عرضا ك و على نتائج طبیھ. كملسوف یلم الحصول  في سباق الدراسة السریریة  على بیانات شخصیة خاصة 

مر الذي یتطلب مواففتكم الطوعیة على ذلك قبل المشاركة  الا.ومعاینة ھذه البیانات وفق مقتضیات القوانین والتعلیمـــات االردنیـھ النافدة
 بالدراسة السریریة

ان توقیعي لھذا النموذج یثبت أنھ كان لدي الوقت الكافي لقراءة ة استیعاب المعلومات الموجھة الى المشاركین بھذا السیاق، و أنني حصلت  •
 على أجوبة شفافة لكل تساؤلاتي.

أوافق على حفظ البیانات/البیانات الطبیة التي یتم الحصول علیھا في سیاق الدراسة السریریة في وثائق كتابیة و باستخدام الوسائط  •
الالكترونیة، كما أوافق على تقدیمھا، وبدون تعیین ھویتي الشخصیة الى راعي الدراسة لغایات التقییم السریري، و المؤسسة الاردنیة العامة 

 للغذاء والدواء للنظر في صحة التنفیذ الدراسة.
أشخاص یفوضھم الباحث تحت ل  بالحصول علیھا من قب)مسؤول الدراسة(كما أوافق على معاینة البیانات الخاصة بي التي یقوم الباحث  •

جنبیة ذات العالقة . وذلك بالقدر الضروري لتقییم الدراسة . لاواة اتفاقیة الحفاظ على سریة المعلومات: و مراجعتھا من قبل السلطات الوطني
زام بالسریة الطبیة وحسب الظروف لتالمسؤولة عن الدراسة التي أشارك فیھا من مسؤولیة الا جراء/التدبیر فإنني أعفي الجھةالاونظرا لھذا 

 اعلاه.

  

                        موافق                       غیر موافق

 

 -----------------                     تاریخ المیلاد:-------------Name:اسم مشترك الرباعي 

 الرقم الوطني(للاردنیین)/او رقم جواز السفر(لغیر الاردنیین):---------------

------------------------------------  عنوان:  - المنزل

• -----------------------------------  العمل

 رقم الھاتف: - الارضي---------------------

 الخلوي---------------------------- •

  ------------------------------:  توقیع المشارك:------------------------    التاریخ
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 نا المحتوى العلمي للدراسة فسلامةاذا كان ذلك منطبقا و طلب تصحیحھا اذا انطبق ذلك و لكن من اجل حمایة و 

  حتى یتم تحلیل بیانات الدراسة.)معمى(العالج الذي تلقیتھ ھذه الدراسة یجب ان یظل غیر معروف 

, اللجنة المؤسسیة لمراجعة البحوث التي وافقت على ھذه الشركة الاولى للبحث و التطویر الصیدلانيفقط الممثلین المفوضین من 
  سیكون لھم حقت الوصول المباشر إلى السجالت)المؤسسة العامة للغذاء والدواء / وزارة الصحة(والسلطات المحلیة  الدراسة

 الطبیة الخاصة بك. وھذا أمر ضروري للتأكد من أنھ سیتم تنفیذ ھذه الدراسة بشكل صحیح. وأن المعلومات التي تم جمعھا

  الخاصة بك احترام سریة معلوماتك ب جمیعجلات. ویعین على جمیع الموظفین المخولین بالوصول إلى السةعنك دقیق

 وقات.الأ

  یزال من الممكن معالجتھا مع غیرھا لاإذا كنت ترید أن تنسحب من ھذه الدراسة. فالبیانات التي تم جمعھا قبل انسحابك

  یتم جمع أیة معلومات لامن البیانات التي تم جمعھا كجزء من الدراسة السریریة. ومع ذلك. لدیك الحق في أن تشترط ان

جدیدة لبیانات الدراسة. 

 الموافقة على استخدام المعلومات الطبیة

یة نالوط  والسریریة. القوانین ,ھذه الدراسة السریریة یمكن إجراءھا فقط عن طریق جمع واستخدام المعلومات الطبیة الخاصة بك
 نموذج الموافقة  توقیعلال من خ ,والدولیة لحمایة البیانات تعطیك الحق في مراقبة استخدام المعلومات الطبیة الخاصة بك. ولذلك

 ھذا فانك تعطي الاذن بفحص و نقل و معالجة معلوماتك الطبیة على النحو التالي:

, واللجنة المؤسسیة لمراجعة لمراجعة البحوث, الشركة الاولى للبحث و التطویر الصیدلانيالممثلین المفوضین من  •
تك لاالتنظیمیة یمكنھم مراجعة المعلومات الطبیة الخاصة بك عن طریق الوصول المباشر إلى سجا ومفتشي السلطات

 الطبیة.
  مما ,فصاح عن ھویتكلا بما في ذلك المعلومات الطبیة وأیة عینات طبیة مأخوذة دون ا,قد یتم معالجة بیانات الدراسة  •

 غراضللأوالتصریح عنھا وفقا  یعني سیتم جمعھا وادخالھا في قواعد البیانات الحاسوبیة للتحقق منھا وتحلیلھا وطباعتھا
 لانیة.. بما في ذلك الاستخدام المستقبلي في البحوث الطبیة أو الصیدةالعلمیة المشروع

 المخاطر و اجراءات السالمة:

لم یسبق   یمكن توقعھالاعتبار أن كل مستحضر دوائي قد یسبب , في أحوال استثنائیة . اثار جانبیة لا یرجى األخذ بعین ا •
 .حظتھا من قبللام

 ة ومن أجل الحفاظ على سالمتك سیتم فحص التأثیرات الجانبیة للعقار بانتظام أثناء سیر الدراس •
 سحاب أو و قف مشاركتك من الدر اسة:الان

 نسحاب من الدراسة في أي وقت بدون إبداء سبب لذلكلایحق لك التراجع عن موافقتك المشاركة في ھذه الدراسة و ا
 الخضوع،ك ومصلحتك الشخصیة سلامتھمیـة بمكان , حفاظـا علـى الأ عواقب . إال أنھ مـن لأیةوبدون التعرض 

 واء.للفحص النھائي في حال أخذ جرعة الد
  الحریة في وقف مشاركتك في أي وقت إذا كان من شأنھا الاضرار)مسؤول الدراسة( فان للباحث ,وبمعزل عن ذلك 

 بصحتك , أو إذا بدا لھ/لھا أن ھناك خطرا یھدد حصیلة الدراسة بسبب تقاعسك عن اتباع التعلیمات بدقة . ویمكن إنھاء  
 قلة.خالقیات المستالاالدراسة أیضا من قبل راعي الدراسة و/أو لجنة المراجعة المؤسسیة/لجنة 

  التامین: 
  بالدراسة  ذات الصلة صـاباتلا سـوف تعمل على شراء التامین لتغطیة ا)الجامعھ الاردنیھ للعلوم و التكنولوجیا(راعي الدراسة

 :بة ناتجة عن لاصاویضـات اذا كانت اعو شركة التامین سوف تدفع الت اذا كنت ستشترك في ھذه الدراسة 
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Subject Information and Informed Consent Form 

 نموذج معلوملت الدراسة و اقرار المشاركة

Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  
 

 

 نا المحتوى العلمي للدراسة فسلامةاذا كان ذلك منطبقا و طلب تصحیحھا اذا انطبق ذلك و لكن من اجل حمایة و 

  حتى یتم تحلیل بیانات الدراسة.)معمى(العالج الذي تلقیتھ ھذه الدراسة یجب ان یظل غیر معروف 

, اللجنة المؤسسیة لمراجعة البحوث التي وافقت على ھذه الشركة الاولى للبحث و التطویر الصیدلانيفقط الممثلین المفوضین من 
  سیكون لھم حقت الوصول المباشر إلى السجالت)المؤسسة العامة للغذاء والدواء / وزارة الصحة(والسلطات المحلیة  الدراسة

 الطبیة الخاصة بك. وھذا أمر ضروري للتأكد من أنھ سیتم تنفیذ ھذه الدراسة بشكل صحیح. وأن المعلومات التي تم جمعھا

  الخاصة بك احترام سریة معلوماتك ب جمیعجلات. ویعین على جمیع الموظفین المخولین بالوصول إلى السةعنك دقیق

 وقات.الأ

  یزال من الممكن معالجتھا مع غیرھا لاإذا كنت ترید أن تنسحب من ھذه الدراسة. فالبیانات التي تم جمعھا قبل انسحابك

  یتم جمع أیة معلومات لامن البیانات التي تم جمعھا كجزء من الدراسة السریریة. ومع ذلك. لدیك الحق في أن تشترط ان

جدیدة لبیانات الدراسة. 

 الموافقة على استخدام المعلومات الطبیة

یة نالوط  والسریریة. القوانین ,ھذه الدراسة السریریة یمكن إجراءھا فقط عن طریق جمع واستخدام المعلومات الطبیة الخاصة بك
 نموذج الموافقة  توقیعلال من خ ,والدولیة لحمایة البیانات تعطیك الحق في مراقبة استخدام المعلومات الطبیة الخاصة بك. ولذلك

 ھذا فانك تعطي الاذن بفحص و نقل و معالجة معلوماتك الطبیة على النحو التالي:

, واللجنة المؤسسیة لمراجعة لمراجعة البحوث, الشركة الاولى للبحث و التطویر الصیدلانيالممثلین المفوضین من  •
تك لاالتنظیمیة یمكنھم مراجعة المعلومات الطبیة الخاصة بك عن طریق الوصول المباشر إلى سجا ومفتشي السلطات

 الطبیة.
  مما ,فصاح عن ھویتكلا بما في ذلك المعلومات الطبیة وأیة عینات طبیة مأخوذة دون ا,قد یتم معالجة بیانات الدراسة  •

 غراضللأوالتصریح عنھا وفقا  یعني سیتم جمعھا وادخالھا في قواعد البیانات الحاسوبیة للتحقق منھا وتحلیلھا وطباعتھا
 لانیة.. بما في ذلك الاستخدام المستقبلي في البحوث الطبیة أو الصیدةالعلمیة المشروع

 المخاطر و اجراءات السالمة:

لم یسبق   یمكن توقعھالاعتبار أن كل مستحضر دوائي قد یسبب , في أحوال استثنائیة . اثار جانبیة لا یرجى األخذ بعین ا •
 .حظتھا من قبللام

 ة ومن أجل الحفاظ على سالمتك سیتم فحص التأثیرات الجانبیة للعقار بانتظام أثناء سیر الدراس •
 سحاب أو و قف مشاركتك من الدر اسة:الان

 نسحاب من الدراسة في أي وقت بدون إبداء سبب لذلكلایحق لك التراجع عن موافقتك المشاركة في ھذه الدراسة و ا
 الخضوع،ك ومصلحتك الشخصیة سلامتھمیـة بمكان , حفاظـا علـى الأ عواقب . إال أنھ مـن لأیةوبدون التعرض 

 واء.للفحص النھائي في حال أخذ جرعة الد
  الحریة في وقف مشاركتك في أي وقت إذا كان من شأنھا الاضرار)مسؤول الدراسة( فان للباحث ,وبمعزل عن ذلك 

 بصحتك , أو إذا بدا لھ/لھا أن ھناك خطرا یھدد حصیلة الدراسة بسبب تقاعسك عن اتباع التعلیمات بدقة . ویمكن إنھاء  
 قلة.خالقیات المستالاالدراسة أیضا من قبل راعي الدراسة و/أو لجنة المراجعة المؤسسیة/لجنة 

  التامین: 
  بالدراسة  ذات الصلة صـاباتلا سـوف تعمل على شراء التامین لتغطیة ا)الجامعھ الاردنیھ للعلوم و التكنولوجیا(راعي الدراسة

 :بة ناتجة عن لاصاویضـات اذا كانت اعو شركة التامین سوف تدفع الت اذا كنت ستشترك في ھذه الدراسة 
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Subject Information and Informed Consent Form 

 نموذج معلوملت الدراسة و اقرار المشاركة

Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  
 

 الدواء الذي تم اختباره او الذي یعطى كجزء من بروتوكول الدراسة. •
 أى فحص او اجراء تلقتھ كجزء من ھذه الدراسة. •
 و بناء على ھذه التعلیمات لن تلتزم شركة التامین بدفع التعویضات في الحاالت التالیة: •
 الاصابة الناتجة عن دواء او اجراء خارج بروتوكول الدراسة •
 عدم اتباع البروتوكول •
 كان ھناك اھمال من قبل المریض. •

 الاستعلام عن الدراسة:

 زیـد التمیمـيإذا كانت لدیك أي أسئلة عــن الدراســة. یرجى االتصـال بمسؤول القســم السریري الدكتور  •

 )027200600(د خالد السالم رئیس لجنة االخالقیات 079503670

 بجامعة العلوم و التكتنولوجیا ممثلة بالدكتور زید التمیمي إذا حدثت لك أي إصابة ناتجة عن الدراسة, یرجى االتصال  •
079503670  

 :التكالیف و المدفوعات

 لن یدفع مقابل مشاركتك  فـي ھذه الدراسـة و لكن سیتم توفیر ادویة الدر أسـة للك بدون مقابل و ستكون عملیة خلع الاضراس مجانیة و            
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Subject Information and Informed Consent Form 

 نموذج معلوملت الدراسة و اقرار المشاركة

Protocol Code: ICF Version: ICF Code: 
Subject Code:                                               

  
 

 

 

 

 نموذج الموافقة

  على معلوماتلاعطالاافق على المشاركة في ھذه الدراسة طوعا و بمطلق اختیاري و رغبتي, وذلك بعد وأ •
 .)مسؤول الدراسة( التي من قبل الباحث لاتيالدراسة و الحصول على أجوبة شافیة لكل تساؤ

ى نسخة من نموذج وأصرح بأنني تسلمت نسخة من المعلومات الموجھة إلى المشاركین, ویحق لي عند رغبتي الحصول عل •
 الموافقة على المشاركة في دراسة التكافؤ الحیوي.

 التاریخ: اسم التوقیع المشارك:

 

      

 التاریخ: 

 التاریخ: اسم و توقیع شاھد ثاني:

 التاریخ: اسم و توقیع القسم السریري:

 التاریخ: اسم و توقیع الطبیب المسؤول:
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Ser Study No.:  Date of report: 
 Subject 

no. 
 Subject 

initials 
0 Site No.:  Investigator Name: 

 

1.Site contact Information 
 Coordinator name: 

King Abdullah University Hospital and dental clinic teaching center at 
Jordan university of science and technology  

  P.O.Box:360001 

Site address: 

susnak@just.edu.jo Email address: 
+962 2 7095777 Fax number: +962 2 

72006000 
Telephone No: 

 Data site became aware of 
pregnancy: 
2. Subject information 

Anticipated date 
of childbirth 

 
N/A 

Start date of last menses 
 

Date pregnancy confirmed 

DOB CRF ID Medication No. 
 

Batch No. 
 
 

3. Details of IMP(s) 
Stop date 

dd MMM yyyy 
Start date  

dd MMM yyyy 
Route 

Formulation 
Treatment 

&daily dose 
Study design 

   Treatment 
UNK Dose: 

Double 
Blind code 

not-broken 
    Double 

Blind code 
broken 

    Open Trial 

  No study medication No study 
drug 

4.Pregnancy outcome 
Neonatal death 

 
 

Still birth Included abortion Not known at this 
time 

Birth defects Spontaneous 
abortion 

Normal/healthy 
baby 

5.Treating physician 
Name& address/ contact details incl. phone and fax: 

 
6. Subject consented to pregnancy monitoring  

Yes                                                                                                                                               No 

7. Ethics Committee notification 
IRB/IEC that granted the study approval? Has a copy of this report been sent to the 

Yes, give a date                                                                                          No, planned submission date:                                                                         

Name of reporter: _______________  
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Informed Consent 

 
Please note: written informed consent must be given before any specific procedures take place or 
any current therapy discontinued for the purposes of participation in this study. 
 
Has the subject freely given written informed consent? 1 Yes                      2 No 
 

Screening 
 

Has the subject body temperature been taken?                                         Yes                       
 
Has the subject blood pressure been taken?                                               Yes  
 
Has the subject pulse been taken?                                                                Yes  
 
Has the OPC been taken?                                                                                Yes                                   
 
 
1. Does the subject satisfy the inclusion and exclusion criteria?  
   1 Yes              2No  
 
2. Have all screening procedures been completed?  
   1 Yes              2No 
 
3. Is the subject willing to proceed? Is the subject able to continue? 
    1 Yes              2No 
 
4. Have the dosing instructions been explained to the patient?    
     1 Yes              2No 
 
If yes to the questions above, please complete the questionnaire in the next page and schedule the 
surgery. 
 
 Interviewer: Now I would like to ask some questions about your lifestyle 
 
1. What is the highest level of education you completed?  
No schooling……………………….................................................................................................. 1 
Primary school............................................................................................... …………….........  2 
Did not complete high school (grade 7 to 11)........................................................................ 3 
Graduated from high school (grade 12)................................................................................. 4 
Graduated from vocational or trade school........................................................................... 5 
Graduated from college (2 year course)……........................................................................... 6 
Graduated from university..................................................................................................... 7 
Don’t know............................................................................................................................. 8 
 
2. What was your family annual income?  
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Less than 6000 JD …................................................................................................................ 1 
6000JD - 12000JD …….............................................................................................................. 2 
12000 JD-18000 JD……….......................................................................................................... 3 
18000 JD – 24000 JD …............................................................................................................ 4 
24000 JD – 30000 JD…............................................................................................................. 5 
30000 JD - or more JD .............................................................................................................6 
 
3. What is your occupation? Please describe what you do. 
_______________________________________________________________________ 
 
4. Who do you live with? 
I live by myself........................................................................................................................ 1 
I live in a dorm........................................................................................................................ 2 
I live with my family................................................................................................................ 3 
I live with friends.................................................................................................................... 4 
Others .................................................................................................................................... 5 
 
5. Do / did you smoke cigarettes? 
1 Yes                     2 No (go to question…) 
 
6. How many cigarettes do you smoke per day? ______________________ 
 
7. How long have you been smoking for? ______________________ 
 
8. Do / did you smoke shisha? 
1 Yes                     2 No (go to question…) 
 
9. How long have you been smoking shisha for? ______________________ 
 
10. What is the overall levels of patients’ oral hygiene? ______________________ 
Excellent (no visible plaque, inflammation, or calculus)...................................................... 1 
Very good (minimal plaque, without inflammation & calculus)........................................... 2 
Good (minimal plaque, inflammation & calculus)…………………………………………….................. 3 
Poor (abundant plaque, minimal inflammation & calculus.................................................. 4 
Very poor (abundant plaque, minimal inflammation & calculus.......................................... 5 
 
 
3. Is the patient currently taken any medication?      1 Yes              2No 
 
 
If yes, please describe all the medications that patients have been using: 
____________________________________________________________________________________
____________________________________________________________________________________ 
 
 
Signed by:  Date:          

   d d m m m y y y Y 
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Surgery day (VISIT 1) 
 

                                                                     DD          MM                  YYYY 
 
Has the subject body temperature been taken?                                         Yes                       
 
Has the subject blood pressure been taken?                                               Yes  
 
Has the subject pulse been taken?                                                                Yes  
 
Has the OPG been taken?                                                                                Yes                                   

 
 

1. What is the maximal interincisal distance which was measured using Vernier 
caliper______________mm 

2. What are the DHC facial swelling measurements? __________________    

3. What are the DHS facial swelling measurements? __________________ 

4. What are the DV facial swelling measurements? __________________ 

5. What is the level of CRP? ________________________________________ 

6. What type of tooth impactions? 

Vertical.................................................................................................................................. 1 

Mesio-angular........................................................................................................................ 2 

Disto-angular ......................................................................................................................... 3 

Horizontal.............................................................................................................................. 4 

Buccal lingual (any tooth that the crown overlaps the roots)................................................ 5 

Others…………………………………………………………………………………………………………………………………6 

   

7. What time was the surgery performed? ______________________ No, surgery was 
cancelled 

8. How many anesthetic carpools were used? ____________________________ 

9. Was there a lingual retraction?   

1 yes                      2 No, surgery was cancelled  

10. What was the duration of the surgery? ________minutes 

11. What was the tooth number? ___________________________ 

12. Any surgery complications? 1 yes                      2 No 

13. Was antibiotic prescribed?  1 yes                      2 No   

Time_________________     Date:  ___ ___ / ___ ___ / ___ ___ ___ ___ 
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Follow-up visit (4 days after surgery, VISIT 2) 
 

                                                                     DD          MM                  YYYY 
 
 

11. What is the maximal interincisal distance which was measured using Vernier calipers?  
_____________________cm 
12. What are the DHC facial swelling measurements? ___________________ 
 
13. What are the DHS facial swelling measurements? __________________ 
 
14. What are the DV facial swelling measurements? _________________________ 
 
15. What is the level of CRP?  _______________________________ 

 
  

Time_________________     Date:  ___ ___ / ___ ___ / ___ ___ ___ ___ 
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Please complete this form in case there is an accident    

 

Medication 
Total 
Daily 
Dose 

Units Reason 
Start Date  

(MM/DD/YYYY) 
Stop Date  

(MM/DD/YYYY) 

Continuing 

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  

    ___ ___ / ___ ___ 
/ ___ ___ ___ ___ 

___ ___ / ___ ___ 
/ ___ ___ ___ ___  
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Has the patient experienced any Adverse Events since signing the Informed Consent? 1 Yes, specify below                      2 No 
 

AE no 

Adverse 
Event 

(diagnosis 
(if known) 

or 
signs/symp

toms 

Start Date 
dd/mm/yyy

y 
 Time 

(24 hour 
clock) 

Stop Date 
dd/mm/yyy

y 
Time 

(24 hour 
clock) 

Outcome 
1=Recovered 
2=Recovered 
with sequelae 
3=Continuing 

4=Patient 
Died 

5=Change in 
AE 

6=unknown 

Severity 
1=Mild 

2=Moderat
e 

3=Severe 

Plausible 
relationship 

to Study 
Drug 

Action taken 
with Study Drug 
1=None 
2=Dose 
Reduction 
Temporarily 
3=Dose Reduced 
4=Discontinued 
Temporarily 
5=Discontinued 

Withdraw
n due to 

AE? 

Seriou
s AE 

(SAE)? 

If SAE does it 
require 

immediate 
reporting?  

(See 
Protocol)? 

  

 
DD    
 
MM   

 
       Year 

 
DD   
 
MM   

 
Year 

  1 yes                      
2 No  1 yes                      

2 No 
1 yes                      
2 No 

1 yes                      
2 No 
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OFF STUDY FORM 

 

 

Date Off Study:  ___ ___ / ___ ___ / ___ ___ ___ ___ 
(MM/DD/YYYY) 

Date Last Study Medication Taken:  ___ ___ / ___ ___ / ___ ___ ___ ___ 

(MM/DD/YYYY) 

Reason Off Study (Please mark only the primary reason. Reasons other than Completed 
Study require explanation next to the response) 

 Completed study  

 AE/SAE (complete AE CRF & SAE form, if applicable) 
_________________________________________________________________ 

 Lost to follow-up
 _____________________________________________________________
__________________________________ 

 Non-compliant participant
 ______________________________________________________
_______________________________ 

 Concomitant medication
 _______________________________________________________
_______________________________ 

 Medical contraindication
 _______________________________________________________
_______________________________ 

 Withdraw consent
 ____________________________________________________________
_________________________________ 

 Death (complete SAE form) 
______________________________________________________________________ 

 Other 
 ______________________________________________________________________
____________________________________ 
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Journal Diary for first day-surgery and the three days follow-up 

       
8:00 am         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN  
 
2:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 
 
9:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 

 
                                             
 
 
                                             
 
 
 

 
 
 
 
 
 

 
 
 
Note: If you are taking (Panadol), please fill in the table 

 
 
 
 
 
 

Pain description guide 

Zero to one: no pain Five to seven: pain interfere with concentration 

One to three: pain can be ignored Seven to nine: pain interfere with basic needs 

Three to five: pain interfere with task Nine to ten: pain required bed rest 

Number 
(tablets) 

Time  

  
  
  

Mark type of Food you have during the day? 

Liquid         Semi msolid              Solid 

 

 

                                                                       

Any complication or 

discomfort happened? 

                □YES     □NO 
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8:00 am         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN  
 
2:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 
 
9:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 

 
                                             
 
 
                                             
 
 
 

 
 
 
 
 
 

 
 
 
Note: If you are taking (Panadol), please fill in the table 

 
 
 
 
 
 

Pain description guide 

Zero to one: no pain Five to seven: pain interfere with concentration 

One to three: pain can be ignored Seven to nine: pain interfere with basic needs 

Three to five: pain interfere with task Nine to ten: pain required bed rest 

Number 
(tablets) 

Time  

  
  
  

Mark type of Food you have during the day? 

Liquid         Semi msolid              Solid 
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8:00 am         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN  
 
2:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 
 
9:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 

 
                                             
 
 
                                             
 
 
 

 
 
 
 
 
 

 
 
 
Note: If you are taking (Panadol), please fill in the table 

 
 
 
 
 
 

Pain description guide 

Zero to one: no pain Five to seven: pain interfere with concentration 

One to three: pain can be ignored Seven to nine: pain interfere with basic needs 

Three to five: pain interfere with task Nine to ten: pain required bed rest 

Number 
(tablets) 

Time  

  
  
  

Mark type of Food you have during the day? 

Liquid         Semi msolid              Solid 
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8:00 am         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN  
 
2:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 
 
9:00 pm         Remember to take the medication 
 
Pain Score (mark the pain intensity now)- refer to pain description guide 
 
  NO                                       WORST 
PAIN    0      1      2     3      4     5      6    7     8    9     10      PAIN 

 
                                             
 
 
                                             
 
 
 

 
 
 
 
 
 

 
 
 
Note: If you are taking (Panadol), please fill in the table 

 
 
 
 
 
 

Pain description guide 

Zero to one: no pain Five to seven: pain interfere with concentration 

One to three: pain can be ignored Seven to nine: pain interfere with basic needs 

Three to five: pain interfere with task Nine to ten: pain required bed rest 

Number 
(tablets) 

Time  

  
  
  

Mark type of Food you have during the day? 

Liquid         Semi msolid              Solid 
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