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Preface

Bone, an extraordinary and dynamic organ, is fundamental to the human body’s 
structure, function, and overall health. It provides structural support, protects vital 
organs, facilitates mobility, and regulates mineral homeostasis. Beyond its mechanical 
roles, bone is a living connective tissue capable of remarkable self-repair and remodel-
ing, driven by a delicate balance between the activities of osteoblasts, osteoclasts, 
and osteocytes. Biochemical signals, mechanical forces, and systemic factors such as 
hormones, nutrition, and environmental influences regulate this equilibrium. Bone 
development and growth are tightly controlled processes that begin in the embryonic 
stage and continue through adulthood. The intricate orchestration of genetic, molecu-
lar, and cellular interactions ensures the formation of a robust skeletal framework 
while allowing for its dynamic adaptation to mechanical demands throughout life. 
However, disruptions to these processes can lead to congenital anomalies, growth 
disorders, or an impaired ability to regenerate and repair. Osteogenesis, the process 
of bone formation, is central not only to skeletal development but also to bone repair, 
regeneration, and restoration. While bone possesses an inherent capacity to heal itself, 
this ability is often compromised in the face of conditions such as large fractures, 
osteoporosis, bone malignancies, and genetic disorders. These challenges underscore 
the need for advanced therapeutic strategies that can enhance or mimic the natural 
regenerative processes of bone.

In recent decades, R&D&I (research, development and innovation: from basic to 
applied to translational science - benchtop to bedside/market) in biomaterials, scaf-
folds, tissue engineering, nanotechnology, and pharmaceuticals, amongst others, have 
revolutionized our multi-/inter-/intra-disciplinary approach to osteogenesis; de novo 
bone regeneration, restoration, reconstruction, replacement and repair. Biomaterials 
and bioactive scaffolds provide structural frameworks that support cellular activity, 
guiding the formation of new bone tissue. Tissue engineering strategies combine cells, 
growth factors, genes, drugs, and matrices to create environments conducive to regen-
eration, while nanotechnology has enabled the development of nanoscale interven-
tions and localized release-controlled vehicles that enhance the delivery of therapeutic 
agents and improve the integration of implants with/within native tissue.

Indeed, pharmaceuticals, including osteo-inductive molecules and gene therapies, 
have opened new avenues for targeting the molecular pathways involved in bone repair 
and growth. With its promise of harnessing the body’s regenerative potential, stem cell 
therapy has emerged as a transformative approach to treating complex bone injuries. 
Combinatorial therapies that integrate these advancements have shown tremendous 
potential, offering synergistic benefits by simultaneously addressing multiple facets of 
the healing process. This applies to the orthopedic and cranio-maxillo-facial skeleton.

Furthermore, the recently emerging advent of artificial intelligence (AI)-assisted 
technologies has enhanced our ability, as surgeons and clinicians, to diagnose, plan 
treatments, and monitor outcomes in bone-related conditions. AI-driven tools allow 
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precision in imaging and modeling, enabling tailored interventions that align with 
our patient’s unique anatomical and physiological needs. From diagnostics to treat-
ment planning to therapy, AI and SuperAI (i.e., Trump’s announced Stargate project 
venture) will continue reshaping the landscape of bone regeneration and repair, 
particularly our lives.

In this book:

• The introductory chapter establishes the foundation for understanding osteo-
genesis by delving into the cellular and molecular mechanisms driving bone 
formation, repair, and remodeling. It highlights key research, development, and 
innovation areas, setting the stage for the book.

• A chapter on the effects of nonsteroidal anti-inflammatory drugs (NSAIDs) on 
bone healing critically evaluates how these widely used medications influence 
bone regeneration. It challenges conventional clinical practices and emphasizes 
the importance of judicious treatment planning.

• A comprehensive examination of bone development and growth unpacks the 
genetic, hormonal, and environmental factors that shape skeletal formation 
and adaptation. It also explores how deviations from these processes can lead to 
growth and developmental disorders.

• The book includes an in-depth review of Hereditary Hemorrhagic Telangiectasia 
(HHT), a rare vascular disorder significantly impacting skeletal and oro-dental 
health. This chapter provides an overview of current knowledge, diagnostic 
considerations, and management strategies tailored to the unique challenges 
posed by HHT.

• The association between elevated non-fasting plasma total homocysteine levels 
and alveolar bone and tooth loss is explored in another chapter. This discussion 
highlights the potential for innovative diagnostic and therapeutic approaches 
to mitigate these effects and enhance bone health.

• The role of phyto-nanoparticles in advancing osteogenesis is another focus of 
this book. This chapter presents the potential of plant-derived nanomaterials 
in promoting bone regeneration, showcasing their versatility and bioactivity in 
addressing clinical challenges.

Together, these chapters and their associated bibliographies reflect the multidisciplinary 
nature of osteogenesis, offering a blend of fundamental science and cutting-edge 
advancements. They cover a broad spectrum of topics, from the impact of systemic 
medications to nanotechnology-driven innovations and from rare genetic disorders 
to novel therapeutic strategies.

Innovation in Osteogenesis Research provides an ample exploration of the dynamic field 
of bone regeneration, opening doors to a more comprehensive examination of the 
field, its status and future direction. It is designed to serve as a resource for research-
ers, clinicians, and students, inspiring them to push the boundaries of what is possible 
in bone healing, regeneration and repair. By addressing both foundational principles 

V

and novel approaches, it aims to bridge the gap between laboratory research, clinical 
practice and the industry (including regulatory agencies and policymakers), ultimately 
improving outcomes for patients (and their health care providers) worldwide.

I hope this book fosters curiosity, encourages innovation, and inspires a need to under-
stand osteogenesis’s complexities and possibilities deeply.

Bones are nature’s blueprint for strength, resilience, and renewal—marvels of engi-
neering that reveal their power to heal in every difficulty.

As scientists, we must unlock these secrets and advance their healing.

Ziyad S. Haidar, Prof. Dr.
DDS, Cert Implantol, MSc OMFS, FRCS(C), FICD, FICS, MBA, PhD,

Founder / CEO, BioMAT’X (HAiDAR R&D&I/I+D+i LABs),
Scientific Director (F-ODO) and Head of Bio-Innovation,

Centro de Investigación e Innovación Biomédica (CiiB),
Faculties of Dentistry and Medicine (Cross-Appointment),

Universidad de los Andes,
Las Condes, Santiago de Chile
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Chapter 1

Introductory Chapter: Forming and 
Regenerating Bone – The Science of 
Osteogenesis, R&D&I
Ziyad S. Haidar

1. Bone development and growth

Bone development and growth, briefly, is governed by the process of osteogenesis 
and occur through two distinct mechanisms: intramembranous ossification and endo-
chondral ossification [1]. Both pathways are essential for skeletal formation during 
embryonic development, postnatal growth, and bone repair throughout life, though 
they differ in their cellular pathways and developmental contexts [1, 2].

Intramembranous ossification involves the direct differentiation of mesenchymal 
stem cells into osteoblasts, bypassing a cartilage intermediate. This process is primar-
ily responsible for forming flat bones, such as the skull, clavicle, and parts of the 
pelvis. Mesenchymal cells condense into membranous structures, differentiate into 
osteoblasts, and secrete the bone matrix, facilitating rapid mineralization essential 
for skeletal development.

Endochondral ossification, in contrast, relies on a cartilage intermediate that is 
gradually replaced by bone. Responsible for forming most long bones, including the 
limbs, spine, and ribcage, this process begins with a cartilage model that undergoes 
hypertrophy, vascular invasion, and subsequent replacement by bone tissue. This 
mechanism enables bone growth and elongation during childhood and adolescence, 
remodeling cartilage into mature bone.

Both ossification processes are regulated by intricate pathway signaling networks 
that coordinate the differentiation, proliferation, and activity of bone-forming and 
cartilage-forming cells [1]. Key pathways include the following:

• Wnt/β-catenin pathway: This pathway drives osteoblast differentiation, pro-
moting bone matrix formation and bone mass accrual. Activation stabilizes 
β-catenin, which translocate to the nucleus to activate osteogenic genes. 
Dysregulation of Wnt signaling is associated with conditions like osteoporosis 
and osteosarcoma, highlighting its critical role in skeletal health.

• Hedgehog signaling: Crucial for chondrocyte proliferation and hypertrophy during 
endochondral ossification, the Hedgehog pathway governs the transition from 
cartilage to bone and maintains growth plate homeostasis. Sonic Hedgehog 
(Shh) and Indian Hedgehog (Ihh) proteins regulate gene expression to coordi-
nate skeletal growth and patterning.
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• Bone morphogenetic proteins (BMPs) and TGF-β signaling: BMPs, particularly 
BMP-2 and BMP-7 (also referred to as OP-1 or osteogenic protein-1), stimulate 
osteoblast activity and extracellular matrix production, playing key roles in bone 
grafts and fracture healing. TGF-β signaling influences both osteoblasts and 
osteoclasts, regulating progenitor cell commitment to the osteoblastic lineage 
and coordinating bone remodeling and mineralization.

These pathways [1, 2] ensure that bone development and remodeling respond 
appropriately to developmental, mechanical, and metabolic demands. Disruptions 
in these closely regulated processes can result in developmental disorders, impaired 
bone healing, or conditions such as osteoporosis and skeletal dysplasia [3]. 
Henceforth, advances in understanding these mechanisms have not only deepened 
insights into bone biology but have also driven the development of innovative thera-
pies for enhancing osteogenesis, bone regeneration, and treating skeletal disorders.

2.  Challenges in bone healing

As aforementioned, bone possesses a remarkable ability to regenerate, but this 
process can be disrupted under certain conditions, leading to delayed or failed heal-
ing. These disruptions present significant clinical challenges, particularly in cases 
involving critical-sized defects, non-union fractures, osteoporosis, and bone infec-
tions, each requiring specialized therapeutic approaches [1–3]. Critical-sized defects 
are large bone injuries that cannot heal naturally within a patient’s lifetime, often 
resulting from traumatic injuries or congenital deformities [3, 4]. The main challenge 
in treating these defects is providing structural stability while promoting biological 
repair [3]. Traditional bone grafts, such as autografts, allografts, and xenografts, 
have limitations, including donor site morbidity, limited availability, and potential 
immune responses [3–5]. This has driven the development of synthetic biomaterials 
designed to mimic the mechanical properties and osteoinductive capacity of natural 
bone [3–8]. Non-union fractures occur when a bone fails to heal after an extended 
period, often due to poor vascular supply, infection, or systemic conditions like 
diabetes [6–8]. Addressing these fractures requires advanced therapies to stimulate 
the healing process, including the use of bone morphogenetic proteins (BMPs), 
stem cell-based treatments, and biocompatible scaffolds that promote vasculariza-
tion and osteogenesis [8]. Osteoporosis, which is characterized by reduced bone 
mass and deteriorating bone structure, complicates bone healing, particularly in the 
elderly [4, 7, 8]. Healing in osteoporotic patients is hindered by poor bone quality 
and reduced osteoblast activity, leading to heightened osteoclast-mediated resorp-
tion [7, 8]. Treatments aim to improve bone density and enhance osteogenesis, with 
agents such as bisphosphonates, selective estrogen receptor modulators (SERMs), 
and anabolic therapies like parathyroid hormone (PTH) analogs. Emerging therapies, 
including monoclonal antibodies targeting osteoclast activity and novel approaches 
stimulating bone formation via pathways like Wnt signaling, offer new potential for 
improving healing outcomes [3–8]. Bone infections, or osteomyelitis, are particularly 
challenging due to the need to both eradicate infection and restore bone integrity 
[9]. Chronic infections can disrupt bone remodeling, leading to significant bone loss 
[10]. Treatment typically involves a combination of surgical debridement, antibiotic 
therapy, and bone reconstruction, with innovative drug delivery systems, such as 
antibiotic-laden scaffolds and release-controlled core-shell nano-capsules loaded 
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with recombinant osteogenic proteins (reader is invited to visit our lab’s publications), 
offering promising solutions for localized infection control while supporting bone 
regeneration [10, 11]. Furthermore, patient-specific factors such as age, nutritional 
deficiencies, smoking, and comorbid conditions like diabetes or vascular diseases can 
complicate bone healing, requiring personalized treatment strategies to address both 
systemic and local barriers to repair.

3.  Innovative approaches to overcome bone healing challenges

To recap, addressing the accruing challenges of bone healing has fueled the design, 
development, and translation of emerging technologies and therapies tailored to 
enhance biological healing, bridge critical defects, and promote osteogenesis in non-
union fractures [9, 10]. These innovations also aim to improve healing in osteoporotic 
patients and combat infections such as osteomyelitis. By integrating tissue engineer-
ing, regenerative medicine, and biotechnology, these strategies offer new solutions to 
overcome traditional barriers in bone repair, focusing on regeneration, osteogenesis, 
and tissue integrity Figure 1 [9–11].

4.  Biological enhancements

Biological therapies using growth factors like BMPs and VEGF show promise in 
accelerating bone regeneration, repair, restoration, and healing. As previously indi-
cated, BMPs promote osteogenesis via stimulating mesenchymal stem cell differentia-
tion into osteoblasts, while VEGF encourages the formation of new blood vessels, 
improving nutrient supply to healing bone [2, 4, 6, 7]. Stem cell-based therapies, 

Figure 1. 
Innovations in osteogenesis: From natural bone development and repair to advanced R&D&I tools 
and strategies for enhanced and accelerated bone regeneration, utilizing biomaterials, nanotechnology, 
pharmaceuticals, tissue engineering, and AI-assisted technologies.
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particularly using mesenchymal stromal/stem cells (MSCs), are key to enhancing 
and/or promoting tissue regeneration. MSCs not only differentiate into osteoblasts 
but also release signals that help improve the local healing environment and stimulate 
vascularization, critical for large or compromised bone structures [5, 10].

5.  Engineered materials

Engineered biomaterials are designed to overcome the limitations of traditional 
bone grafts, offering materials that mimic the mechanical and biological properties of 
natural bone [2–4, 6]. These include 3D-printed scaffolds, bioactive glass, and com-
posite materials, which provide structural support while encouraging osteogenesis. 
Further, by functionalizing these materials with bioactive molecules or nanoparticles, 
their regenerative potential is further enhanced (smart/intelligent biomaterials). For 
example, scaffolds loaded with BMPs release these factors at the injury site, promot-
ing bone formation, locally. Additionally, materials such as hydroxyapatite and col-
lagen improve biocompatibility and help implants integrate better with surrounding 
tissue, reducing the risk of implant failure [3, 6, 8, 9].

6.  Combination therapies

Combining biomaterials with biological agents and bioactive pharmacological 
treatments provides a comprehensive approach to bone healing and repair. This 
strategy addresses the biological, structural, and microbial aspects of healing simulta-
neously [1, 2, 6, 9]. Scaffolds can be loaded with both BMPs and antibiotics, offering 
structural support and antimicrobial protection, which is particularly important in 
cases of osteomyelitis. Combining stem cell therapies with engineered biomaterials 
enhances the survival, integration, and differentiation of stem cells at the injury and/
or surgical site. This integrated combinatorial approach creates a more conducive 
healing environment, improving both the efficacy and predictability of bone regen-
eration and repair interventions.

7.  Regenerative medicine and dentistry – A perspective

Regenerative medicine and dentistry are poised to revolutionize tissue healing 
and restoration by harnessing the natural healing abilities. Through advancements in 
tissue engineering, biomaterials, nanobiotechnology, pharmaceuticals, and cellular 
therapies, the treatment of complex orthopedic bone, cranio-oro-maxillo-facial, and 
dental disorders is entering a new era. These innovations promise to redefine thera-
peutic options, offering more effective treatments and improved patient outcomes.

Whilst the transition from pre-clinical research to clinical application in regenera-
tive therapies is full of potential, challenges persist. Some of the key hurdles include 
regulatory approval, patient safety, and meeting efficacy standards. Regulatory 
frameworks must evolve alongside rapid technological advancements, while scal-
able production methods are crucial for widespread clinical use [12]. On the other 
hand, biomanufacturing techniques including bioreactors and automated cell culture 
systems are facilitating the efficient production of cell-based therapies, biomaterials, 
and bioactive molecules.
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In regenerative dentistry, significant strides are being made in addressing dental 
and periodontal tissue damage. Techniques like guided tissue regeneration (GTR) 
promote the regeneration of bone and ligaments, while bioactive-coated dental 
implants are enhancing treatment outcomes. Additionally, signaling molecules are 
increasing the effectiveness of regenerative procedures in periodontitis and stabiliz-
ing dental implants [5, 6, 9].

That said, the future of regenerative therapies lies in personalized treatments, 
3D bioprinting, and advanced drug delivery systems. 3D-printed patient-specific 
implants, designed to mimic the biological and mechanical properties of native 
tissues, demonstrate great promise in treating complex defects. Furthermore, 
immunomodulation strategies, such as stem cell homing, are simplifying therapies 
by reducing reliance on external cells, and when combined with nanotechnology, it 
allows for highly targeted, localized drug delivery [5, 6, 9]. Pharmaceutical innova-
tions, including sclerostin inhibitors, PTH analogs, and bisphosphonates, are advanc-
ing the potential of regenerative medicine, particularly for bone-related conditions. 
These therapies, paired with novel drug delivery systems like nanocarriers, aim to 
regulate osteogenesis and promote bone regeneration at the molecular level. Herein, 
nanotechnology is, in parallel, contributing to transforming bone regeneration by 
enabling the manipulation of materials at the molecular level. Nanomaterials, such as 
titanium dioxide and carbon nanotubes, enhance bioactivity and accelerate heal-
ing. Gold and silver nanoparticles, as well as natural polymer-based nano-capsules, 
possess osteogenic properties, and bioresorbable nanomaterials enable effective local 
drug delivery to injury sites [2, 10, 11]. Today, digital technologies are enhancing 
precision and accessibility in regenerative medicine and dentistry. While telemedicine 
and tele-dentistry enable remote consultations, advanced imaging systems, including 
cone-beam computed tomography (CBCT) and augmented reality, are improving 
surgical planning and execution. More so, AI-driven tools, predictive models, and 
automated image analysis help refine interventions, making care more personalized 
and precise [12, 13]. Finally, wearable health devices and smart implants help our 
patients monitor healing in real-time, promoting adaptive rehabilitation, timely 
feedback, and early intervention [8, 10]. As regenerative medicine progresses, the 
challenging regulatory frameworks, previously highlighted, can be expected to adapt 
to ensure safety, efficacy, and accessibility. Balancing innovation with stringent safety 
standards is essential for widespread translation and adoption. Ethical considerations 
surrounding gene editing, stem cell therapies, and AI-powered diagnostics are 
being addressed, along with safeguarding patient privacy. Transparency in research, 
development, and innovation will be key to fostering trust, attracting funding, and 
advancing impact on our patients.

8.  The road ahead

Looking ahead, the intersection of regenerative medicine, biotechnology, and 
artificial intelligence offers immense potential for transforming the landscape of bone 
and dental regeneration [14, 15]. The integration of personalized medicine, nano-
technology, and innovative drug delivery systems promises to deliver unprecedented 
advances in patient care [15]. However, to realize the full potential of these innova-
tions, interdisciplinary collaborations among researchers, clinicians, and regulatory 
bodies will be essential [15]. By aligning cutting-edge scientific breakthroughs with 
ethical principles and regulatory frameworks, the promise of regenerative medicine 
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and dentistry can be fully realized [14, 15]. In conclusion, osteogenic regenerative 
medicine and dentistry are entering an exciting era of innovation, with the poten-
tial to transform how we approach bone and its health. The future is bright, with 
advancements in personalized treatments, nanotechnology, digital medicine, stem 
cell therapies, and sustainable biomaterials [14, 15] paving the way for more effective, 
accessible, and tailored solutions for patients. By addressing the challenges ahead with 
a balanced approach, we can look forward to a future where regenerative medicine 
and dentistry deliver groundbreaking osteogenic solutions that significantly improve 
patient (as well as surgeon and/or health care provider) outcomes and quality of life.
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Chapter 2

NSAIDs Effect on Bone Healing
Rana Muhammad Zeeshan

Abstract

The extensive use of non-steroidal anti-inflammatory drugs (NSAIDs) for the 
treatment of severe pain associated with bone fractures raises concerns regarding 
their impact on fracture healing. While NSAIDs are favored for their anti-inflamma-
tory properties, long-term administration has been associated with adverse effects on 
fracture healing. Despite the recognized risks, conflicting information exists regard-
ing the effects of NSAIDs on fracture healing. Fracture healing is a complex process 
involving mechanisms of repair, including direct and indirect bone healing pathways. 
The inflammatory phase plays a crucial role in initiating the healing, with immune 
cells secreting cytokines and growth factors essential for healing. Prostaglandins, 
synthesized by COX enzymes, are key mediators, exerting stimulatory effects on 
bone formation and resorption. However, NSAIDs inhibit prostaglandin synthesis 
by blocking COX activity, disrupting the fracture-healing process. NSAIDs also have 
an inhibitory effect on the differentiation of chondrocytes into mature hypertro-
phied chondrocytes, crucial for endochondral ossification. Collagen X, expressed 
by hypertrophied chondrocytes, serves as a vital marker of fracture healing and has 
been implicated in the successful union of fractures. A comprehensive understanding 
of the interplay between NSAIDs, prostaglandins, and fracture healing mechanisms 
is essential for optimizing treatment strategies and minimizing adverse outcomes in 
patients with bone fractures.

Keywords: fracture healing, prostaglandins, cartilaginous callus, bone callus, NSAIDs, 
cyclooxygenase enzyme, mature hypertrophied chondrocytes, collagen type X

1.  Introduction

Bone fractures are a public health issue affecting humans globally. In 2019, 178 
million new fracture cases were seen globally, with an increase of 33.4%, and 455 
million cases of acute or long-term symptoms of fracture were registered, which has 
increased to 70.1% since 1990. The chief complaint about bone fracture is chronic 
severe pain that results from damage to somatosensory nerve terminals, which 
innervates bones and muscles. For the treatment of severe pain, most used analgesics 
are non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs are preferred over 
different analgesics in fracture healing due to their anti-inflammatory effect in 
addition to pain relieving. However, long-term administration of NSAIDs is related 
to increased rates of delayed union, malunion, and non-union. Administration of 
NSAIDs can cause malunion, non-union, and delayed fracture healing due to inhibi-
tory effects on cyclooxygenase-2 (COX-2) enzyme, which is essential for the synthesis 
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of prostaglandins and interferes in the inflammatory phase of healing, which leads to 
an inhibitory effect on fracture healing [1–6].

Controversial information exists regarding the effects of NSAIDs on the fracture 
healing process; at the same time, there is a lack of comparative information about 
fracture healing with the intake of non-selective COX and selective COX-2 inhibitors 
and localization of collagen X expressed by hypertrophied chondrocytes in the heal-
ing fracture.

2.  Fracture healing

2.1  Definition

The process of fracture healing occurs through a regenerative biological process 
that heals the loss of mechanical continuity in a bone resulting from the pathological 
mobility between the broken ends of a bone [7].

2.2  Factors that affect bone healing

The following factors play a vital role in bone healing process:

1. Delayed bone healing is seen in nutritional deficits and metabolic disorders, 
especially in diabetes mellitus.

2. Parathyroid hormones have a vital role in bone healing as they stimulate the pro-
liferation and differentiation of osteoblasts and osteoclasts.

3. Aging

4. Infection of the fracture site delays the healing process [8].

2.3  Mechanisms of repair

The mechanism of fracture repair is divided into two categories, which are direct 
(primary) and indirect (secondary) bone healing, depending on differences in local 
motion between the fracture fragments.

2.3.1  Direct bone healing

In direct fracture healing, the cortex tries to bridge the continuity between the 
fracture fragments by regeneration, and this occurs only when the rigid internal 
fixation is established between fracture fragments. Fractured ends heal without the 
formation of a callus [9].

Direct healing of fractures exists through two processes: contact healing and 
gap healing. In both these processes, lamellar bone structure is formed between the 
fractured ends [10].

Contact healing occurs when the gap is less than 0.01 mm between fractured 
ends, and there is less than 2% of interfragmentary strain. In this process of contact 
healing at the ends of the osteons, cutting cones are formed, and the tips of these 
cutting cones cross the fracture line. These tips have osteoclasts that generate 



13

NSAIDs Effect on Bone Healing
DOI: http://dx.doi.org/10.5772/intechopen.1005088

longitudinal cavities. These cavities are filled by new bone synthesized by osteo-
blasts, resulting in bony union and restoration of Haversian systems. The Haversian 
systems help in carrying osteoblasts to enter the area through blood vessels. In the 
end, bridging osteons mature into lamellar bone, leading to fracture healing without 
a callus formation [11].

In the gap healing process, the gap between fractured ends must be less than 
800 μm between fractured fragments. The bone union and Haversian remodel-
ing do not occur simultaneously. At the fracture site, a large amount of lamellar 
bone is present running perpendicular to the long axis, and this needs secondary 
reconstruction of osteonal tissue. Longitudinal revascularized osteons replace 
the primary bone structure and carry osteoprogenitor cells that differentiate into 
osteoblasts, which produce lamellar bone on each surface of the gap. This newly 
formed lamellar bone is laid down perpendicular to the long axis and is very weak in 
strength, which is then strengthened by Haversian remodeling without the forma-
tion of callus [11].

2.3.2  Indirect bone healing

Indirect fracture healing occurs due to the involvement of the periosteum and soft 
tissues surrounding the fracture site. This response is improved by restricted fracture 
fragment movement and is repressed by rigid fixation. This type of fracture heal-
ing comprises two processes: intramembranous and endochondral bone formation. 
Endochondral bone formation begins in a mechanically less stable region, which is 
near the fracture site outside the periosteum, whereas internal to the periosteum, a 
hard callus is formed by intramembranous ossification [12, 13].

2.4  Phases of fracture healing

The process of fracture healing comprises distinct phases, starting with an 
 initial anabolic phase, in which local tissue size increases through inflammation and 
hematoma is formed (Figure 1). After hematoma formation, the inflammatory phase 
occurs, followed by the development of soft and hard callus, ultimately leading to 
bone remodeling [10].

2.4.1  Hematoma formation

The impact force of trauma causing the fracture disturbs the normal bone struc-
ture with disruption of blood vessels at the site of contact, consequently leading to 
hematoma formation. The hematoma produced by vascular damage contains immune 
cells that migrate from the circulation and bone marrow to the injury site [15, 16].

2.4.2  Inflammatory phase

Hematoma formation triggers the early inflammatory phase, the role of which is 
most vital in initiating the process of the healing cascade. Inflammatory cells exert 
chemotactic effects and further recruit inflammatory and mesenchymal cells that are 
essential for fracture healing. These cells play a significant role in stimulating angio-
genesis and extracellular matrix synthesis.

Inflammatory cells produce cytokines that affect fracture healing as the pro-
inflammatory molecule interleukin 1(IL1) secreted by macrophages regulates the 
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expression of cyclooxygenases (COX1 and COX2) enzymes which produce prosta-
glandins. During the inflammatory phase of fracture healing, inflammatory cells 
secrete several important growth factors including fibroblast growth factors (FGF), 
transforming growth factor-beta (TGF-beta), and platelet-derived growth factor 
(PDGF) which help and facilitate the process of fracture healing.

These factors after their secretion initiate the repair process as they promote and 
facilitate the stem cell proliferation and differentiation that results at the beginning 
of the formation of the fracture callus. Other principal factors released include tumor 
necrosis factor alpha, bone morphogenic protein, interleukin 6, interleukin 17F, and 
interleukin 23 [10, 14, 17].

2.4.3  Formation of cartilaginous callus

The next phase of fracture healing is the formation of a soft callus, also called 
 cartilaginous callus. On a cellular level, chondrocytes and fibrocytes are predominant in 
the healing tissue. These cells form a soft callus (semi-solid) that provides mechanical 
support to the fracture. This soft callus acts as a stencil for the bony callus. Initially, 
the cartilaginous callus is avascular, but when the cartilaginous tissue is replaced by 
woven bone, vasculogenesis occurs, which results in vascular invasion of the healing 
tissue. The mesenchymal stem cells differentiate into chondrocytes in the central 
fracture area, leading to the formation of the soft callus and different growth factors 
expressed in soft callus including TGF-α2, PDGF, IGF-1, and BMPs. These growth 
factors stimulate the proliferation and differentiation of chondrocytes. The increased 
population of chondrocytes stabilizes the fracture zone [18, 19].

Figure 1. 
Different phases of fracture healing [14].
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2.4.4  Formation of bony callus

The bony callus formation phase occurs after cartilaginous callus formation; 
chondrocytes present in the healing zone start to proliferate and mature to become 
hypertrophic. Chondrocytes, during the initial phase of bony callus formation, 
undergo a series of differentiation, leading to the formation of hypertrophic chondro-
cytes. This leads to an increase in the synthesis of collagen X that accumulates inside 
the extracellular matrix.

Mature hypertrophied chondrocytes are present adjacent to the tidemark within 
the deep layer of articular cartilage. COLX is a crucial factor in the successful union 
of fractures in the tissues going under endochondral ossification. The hypertrophic 
chondrocytes secrete angiogenic factors necessary for osteoclast and osteoblast 
recruitment, which is an essential step in bone formation.

Osteoclast acts to reabsorb the calcified matrix made by the hypertrophic 
chondrocytes whereas definitive bone formation is done by osteoblasts. Additional 
mesenchymal progenitor cells start to recruit and differentiate into osteoblasts, as 
chondrocytes undergo apoptosis, thus leading to the mineralization of the callus. This 
mineralized callus is called bony callus, which is composed of a thin layer of bone 
tissue around the periphery of soft callus [20–23].

2.4.5  Angiogenesis and bone remodeling

New blood vessels continue to form with the action of vascular endothelial growth 
factor (VEGF). In the later phase, the bony callus grows through the action of osteo-
blasts, and bone resorption occurs by osteoclasts to reshape the callus. Both osteoblastic 
bone formation and osteoclastic bone resorption occur side by side, resulting in the 
regeneration of the original bone tissue architecture, which contains the outer cortical 
bone and inner trabeculae arrangement with a central space called the medullary cavity 
which contains the bone marrow [24].

2.5  Role of inflammatory cells in fracture healing

The key step in fracture healing is the inflammatory phase, as several immune cells 
are recruited to the injury site, which include neutrophils, platelets, and macrophages, 
and they are activated by cytokines. As immune cells invade the hematoma, they 
secrete cytokines and growth factors that help recruit mesenchymal cells. The growth 
factors (FGF, PDGF, TGFb, and FGF) and cytokines (IL-1, IL-6, and tumor necrosis 
factor (TNF)), which are released by inflammatory cells, influence prostaglandin 
production in the presence of pro-inflammatory stimuli. These cytokine and growth 
factors especially prostaglandins are produced by osteoblasts abundantly in fracture 
callus following fracture injury during the first 2 weeks [25, 26].

To understand the role of prostaglandins in bone healing process, we must know 
about their synthesis, mode of action, and how their inhibition affects the healing 
cascade in inflammatory process, which is discussed in the next section.

3.  Prostaglandins: a key mediator

During the fracture healing process, prostaglandins are important lipid mediators 
that are synthesized by enzymes cyclooxygenase (COX-1 or COX-2) from arachidonic 
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acid. These enzymes regulate inflammation and help in the synthesis of prostaglandins 
as they catalyze the early enzymatic stages. Prostaglandins are potent stimulators of 
bone formation as well as bone resorption. Their increased production stimulates 
vascular changes, chondrocyte differentiation, proliferation of osteogenic cells, and 
bone resorption in response to fracture. Prostaglandins increase collagen X expression 
with the help of bone morphogenetic protein 4 and growth/differentiation factor 5, 
which enhances chondrocyte growth and differentiation [27–30].

3.1  Classification of prostaglandins

Prostaglandins belong to the family of eicosanoids which are composed of eicosa- 
(20-carbon) polyenoic fatty acids. Classes of eicosanoids comprise the prostanoid, 
leukotrienes (LTs), and lipoxins (LXs). Prostanoids include prostaglandins (PGs), 
prostacyclins (PGIs), and thromboxanes (TXs). There are four principal bioactive 
prostaglandins synthesized in vivo, which are prostaglandin (PG) E2 (PGE2), prosta-
cyclin (PGI2), prostaglandin D2 (PGD2), and prostaglandin F2α (PGF2α) [31, 32].

3.2  Biosynthesis of prostaglandins

Prostaglandins are biosynthesized starting from the release of arachidonic acid 
from the plasma membrane phospholipids catalyzed by activated phospholipase A2 
(Figure 2). Arachidonic acid is then converted to PGH2 by enzymes, cyclooxygen-
ase, and peroxidase activities of PGH synthase, which is known as cyclooxygenase 
(COX) [34].

Figure 2. 
Biosynthetic pathways of prostaglandins with their functions [33].
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PGE2 is formed by the action of enzyme PGE synthase, PGD synthase acts to form 
PGD2, which is present in brain and mast cells, and prostaglandin F2α is produced 
by the enzyme Prostaglandin F (PGF) synthase present in the uterus. Thromboxane 
synthases present in platelets and macrophages act to produce thromboxane A2 and 
thromboxane B2, whereas prostacyclin synthase is found in endothelial cells, and 
prostacyclin synthase produces prostacyclin PGI2 [35].

3.2.1  Action of cyclooxygenase enzymes

Cyclooxygenase (COX) enzyme catalyzes the first two steps in the formation of 
prostaglandins. There are two main COX isoforms, COX-1 and COX-2. These two 
enzymes are the main targets of the commonly used NSAIDs, and they demonstrate 
the role of these enzymes in pain, fever, inflammation, and tumorigenesis. COX-1 
is involved functionally in normal physiological functions, and COX-2 acts as an 
immediately acting agent produced rapidly induced by growth factors, oncogenes, 
carcinogens, and tumor-related substances [36, 37].

3.3  Functions of prostaglandins E2

Prostaglandins E2 has extensive spectrum actions on various organs, including 
inflammation, fracture healing, physiological bone formation, embryo implanta-
tion, vasodilation, and induction of labor. There are four G protein-coupled receptor 
subtypes, EP1R–EP4R (E-prostanoid receptor), which mediate the pharmacological 
activities of PGE2 [38].

3.3.1  Role in bone metabolism

Prostaglandin E2 plays either a stimulatory or an inhibitory role in bone 
 metabolism, depending on the physiological or pathological conditions. Bone 
formation occurs in response to mechanical forces and bone fracture healing, 
whereas PGE2-mediated resorption contributes to bone loss in inflammatory 
diseases and prolonged immobilization. The binding of PGE2 to E-prostanoid 
receptor 2 appears to stimulate bone formation as it strongly acts on the osteoblastic 
lineage and stimulates bone formation, whereas PGE2 binding to E-prostanoid 
receptor 4 results in bone resorption due to the stimulation of osteoclast differ-
entiation by cytokines and upregulation of the nuclear factor k-B ligand-receptor 
 expression resulting in inhibition of osteoprotegerin expression in osteoblastic 
cells [39, 40].

3.4  Inhibition of prostaglandins synthesis

Prostaglandin synthesis is inhibited by the action of non-steroidal 
 anti-inflammatory drugs (NSAIDs) as they inhibit the cyclooxygenase (COX) 
enzyme, which controls the biosynthesis of prostaglandins and thromboxane. The 
synthesis of PGE2 is inhibited by widely used non-steroidal anti-inflammatory 
drugs given in the treatment of inflammation, pain, and fever by blocking COX 
activity. Prostaglandins are essential for normal bone turnover and fracture healing. 
Therefore, the use of NSAIDs may affect bone healing by inhibiting the maturation of 
the callus [41–43].



Innovation in Osteogenesis Research

18

So, the question here is why NSAIDs are still being administered in patients suffering 
from musculoskeletal conditions, especially in fracture healing. To answer this question, 
firstly, we need to understand NSAIDs and their benefits, discussed in the next section.

4.  NSAIDs: most used analgesic drug

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most common analge-
sics used for treating acute and chronic musculoskeletal disorders including traumas. 
NSAIDs decrease the increased pain threshold that is related to inflammation instead 
of elevating the normal pain threshold; therefore, its antinociceptive action is 
described as antihyperalgesic rather than analgesic [44, 45].

4.1  Classification of NSAIDs

4.1.1  Based on structure and selectivity

NSAIDs are divided into groups which are based on the chemical structure and 
their selectivity as non-selective, which are acetylated salicylates commonly known 
as aspirin, non-acetylated salicylates, acetic acids, propionic acids, which comprises 

Figure 3. 
Chemical structure of commonly used NSAIDs [46].
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naproxen, ibuprofen, diclofenac, and indomethacin, enolic acids, anthranilic acids 
(mefenamic acid), naphthylalanine, and selective COX-2 inhibitors (Figure 3; 
Table 1) [47].

4.1.2  Based on COX enzyme inhibition

Based on their effect on cyclooxygenase enzymes (COX-1 and COX-2), NSAIDs 
are classified as COX-1 selective, non-selective, COX-2 preferential, and COX-2 
selective [48].

Group Drugs Dosage Side effects

Salicylic acid 
derivates

Acetylsalicylic 
acid (aspirin)
Sodium 
salicylate
Diflunisal
Sulfasalazine
Olsalazine

1200-1500 mg (8 hourly)
1200-1500 mg (8 hourly)
500 mg (12 hourly)
2–3 g daily
500 mg (12 hourly)

Gastric upset, gastric, and 
duodenal ulcers
Gastric upset, gastric, and 
duodenal ulcers
Gastric upset, dry mouth, and 
drowsiness
Nausea, vomiting, headache, and 
rash
Gastric upset, nausea, and bloating

Para-aminophenol 
derivatives

Acetaminophen 500 mg (6 hourly) Hepatic toxicity

Indol and indene 
acetic acid

Indomethacin
Sulindac
Etodolac

50-70 mg (8 hourly)
200 mg (12 hourly)
200-300 mg (6 hourly)

Pancreatitis, headache, dizziness, 
confusion, and depression
Stevens–Johnson epidermal 
necrolysis syndrome, 
thrombocytopenia, 
agranulocytosis, and nephrotic 
syndrome
Heartburn, bloody vomiting, and 
diarrhea

Heteroaryl acetic 
acid

Ibuprofen
Neproxen
Flurbiprofen
Ketoprofen
Fenoprofen
Oxaprozin

600 mg (6 hourly)
375 mg (12 hourly)
300 mg (6 hourly)
70 mg (6 hourly)
600 mg (6 hourly)
1200-1800 mg (6 hourly)

Headache, dizziness, drowsiness, 
fatigue, and restless sleep
Tinitus, Itching of skin
Dizziness, rash, and tinnitus
Dizziness, rash, and tinnitus
Acidity, headache, and heartburn
Dizziness, wheezing, and blurred 
vision

Anthranilic acid 
(fenemates)

Mefenamic acid
Meclofenamic 
acid

500 mg daily initially, 
then 250 mg (6 hourly)
500 mg daily initially, 
then 250 mg (6 hourly)

Diarrhea, nausea, and 
hypertension
Abdominal pain, nausea, and rash

Enolic acid 
derivatives 
(oxicams)

Piroxicam
Tenoxicam
Meloxicam

20 mg (6 hourly)
20 mg daily
10 mg daily

Black tarry stools, decreased 
urination, and severe stomach pain
Headache, nausea, vomiting, and 
epigastric pain
Headache, dizziness, and 
abdominal pain

Table 1. 
Classification of NSAIDs according to structure.
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4.2  Function of NSAIDs

The main function of NSAIDs is to halt the synthesis and action of important 
inflammatory mediators which are synthesized during inflammation. These media-
tors include prostaglandins, coagulation cascade-derived peptides, interleukins (IL-2 
and IL-6), and tumor necrosis factor (TNF). In the synthesis of prostaglandins, 
COX-1 and COX-2 are the rate-limiting enzymes that convert arachidonic acid into 
prostaglandins (Figure 4). So, the mechanism of NSAIDs is to act on these cyclooxy-
genase (COX) enzymes and inhibit them [50, 51].

NSAIDs not only inhibit the production of prostaglandins but also prolong the 
inflammatory and cartilaginous stage of bone healing by affecting the lineage of 
chondrocytes, which is written in detail in the following section.

5.  Relation of NSAIDs and mature hypertrophied chondrocytes

5.1  Inhibitory effect on differentiation of chondrocytes

The use of NSAIDs in certain patients and in vitro studies linked with suppression 
of chondrocyte proliferation and differentiation [52]. The proliferation and differ-
entiation of chondrocytes and osteoblasts is a critical component of fracture healing 
from the bone marrow stem cells (BMSCs).

The chondrogenic differentiation in fracture healing undergoes six phases. These 
phases are mesenchymal cells (chondroprogenitors), condensed mesenchymal cells, 
chondrocytes, proliferating chondrocytes, pre-hypertrophic chondrocytes, and 
hypertrophic chondrocytes. The process of chondrogenic differentiation undergoes 
generalized steps of chondrogenesis, cartilage hypertrophy, and ossification. For 
the maturation of chondrocytes into mature hypertrophied chondrocytes (MHCs), 
COX-2 activity is required, but NSAIDs inhibit the formation of MHCs by blocking 
the COX-2 enzyme (Figure 5) [21, 53].

Figure 4. 
Schematic of the mechanism of action of NSAIDs [49].
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5.2  Negative effect on expression of collagen X

5.2.1  Synthesis, structure, and location of collagen X

Mature Hypertrophied Chondrocytes synthesize collagen X in endochondral 
ossification. Type X collagen is present within the deep layer of articular cartilage 
adjacent to the tidemark. Collagen type X is a crucial factor in the successful union of 
fractures in the tissues going under endochondral ossification [22].

Type X collagen is non-fibrillar collagen consisting of three identical alpha 1 
chains, and each chain has three domains: a short triple helix domain flanked by a big-
ger globular domain at the carboxyl end and a short non-collagenous domain at the 
amino end [54].

5.2.2  Bone healing marker

COLX is the major marker of hypertrophic chondrocytes, which can be detected 
within the first few days of bone formation. It plays several important roles contribut-
ing to the structural support of the pericellular network that is essential during matrix 
remodeling and helps in initiating biomineralization [55].

5.2.3  Effects of NSAID

The effects of NSAIDs on collagen type X expression, which is secreted by hyper-
trophic chondrocytes and an important marker of endochondral ossification during 
fracture healing, have been investigated in numerous studies. In one previous study, 
after administration of non-selective NSAIDs (diclofenac sodium and ketorolac) and 
selective COX-2 NSAIDs, low expression of collagen type X was observed as inhibition 

Figure 5. 
Role of COX-2 in the formation of hypertrophic chondrocytes [21].
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of COX enzymes negatively influenced the first phase of chondrogenic differentiation 
and affect chondrocyte hypertrophy [56]. In another study, a contradicted finding was 
observed as NSAID treatment did not affect the collagen X expression [57].

6.  Relation of NSAIDs and delayed fracture healing

The administration of the NSAIDs during fracture healing can inhibit the forma-
tion of PGE2, and the mechanism of action might affect the fracture healing process. 
Taking into consideration the mechanism of action of NSAIDs, it can be inferred 
that taking NSAIDs might affect the fracture healing process. However, controversial 
results were observed when different studies were done on animals and humans.

6.1  Animal studies

Numerous studies have been done in the past in which different results were 
observed when performed on small animals with the administration of different 
NSAIDs (Table 2) [30].

Year/Study Model used Drug Outcome

Tornkvist et al. [58] Chicken 
mesenchymal
limb-bud cells

Indomethacin 
(25–100 μm)

i. No effect on osteogenesis and 
chondrogenesis

Ho et al. [59] Osteoblasts derived 
from fetal rat 
calvaria

Ketorolac (0.1–1000 μm),
Indomethacin 
(0.01–100 μm)

i. All concentrations of 
ketorolac inhibited 
proliferation at 24 hours

ii. 0.1 μm of indomethacin or 
higher inhibited proliferation

iii. A dose-dependent increase 
of Alkaline Phosphate (ALP) 
was found for concentrations 
between 0.1 and 100 μm of 
ketorolac

iv. Both NSAIDs stimulated 
collagen type I synthesis

Evans and Butcher 
[60]

Human trabecular 
bone osteoblasts

Indomethacin 
(0.003–0.3 μm/L)

i. Inhibition of proliferation and 
increase in collagen synthesis 
and ALP in a dose-dependent 
manner

Wang et al. [61] MG63 human 
osteoblasts

Celecoxib (1–120 μm) i. Dose-dependent decrease 
of cellular proliferation 
and stimulation of Ca++ 
production

Chang et al. [62] Osteoblasts derived 
from fetal rat 
calvaria

Diclofenac, piroxicam, 
indomethacin ketorolac 
(0.001–0.1 μm)

i. All NSAIDs resulted in cell 
cycle arrest and cell death

ii. Piroxicam had the least effect 
on producing osteoblastic 
dysfunction

Wang et al. [63] Bone Marrow 
(BM)-derived Rat 
mesenchymal stem 
cells

Aspirin 1, 5, 10 mmol/L i. Inhibition of Mesenchymal 
stem cells (MSC) proliferation
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Year/Study Model used Drug Outcome

Wiontzek et al. [64] MG63 human 
osteoblasts

Celecoxib (10 μm) i. No effect on Ca++ production, 
COX-2 expression, ALP, and 
osteocalcin

Wolfesberger et al. 
[65]

Canine 
osteosarcoma cell 
line

Meloxicam (1–200 μg/
mL)

i. Marked anti-proliferative 
effect for concentrations 
over 100, while lower 
concentrations resulted in an 
increase in cell numbers

Chang et al. [66] Human 
mesenchymal stem 
cells and D1-cells 
(Mice)

Indomethacin (10, 
100 μm), celecoxib (1, 
10 μm)

i. Inhibition of proliferation 
for both Nonsteriodal 
Anti-inflammatory Drugs 
(NSAIDs) but no significant 
cytotoxic effect

ii. Replenishment of PGE-1, 
PGE-2 and PGF2a did not 
reverse this negative effect

Kellinsalmi et al. 
[67]

Human 
mesenchymal stem 
cells

Indomethacin (1, 10, and 
100 μm), parecoxib (1, 
10, and 100 μm), and 
NS398 (0.03, 0.3, and 
3 μm)

i. All studied NSAIDs-inhibited 
osteoblastic and osteoclastic 
differentiation

ii. Significant increase of 
adipocytes suggesting 
diversion to adipogenesis 
instead of osteogenesis

Arpornmaeklong 
et al. [68]

Mouse calvaria cell 
line MC3T3-E1

Indomethacin (0.1 μm), 
celecoxib (1.5, 3, and 
9 μm)

i. Inhibition of growth with both 
NSAIDs

ii. Indomethacin had a higher 
inhibitory effect than 
celecoxib

Abukawa et al. [69] Porcine BM 
progenitor cells

Ibuprofen (0.1, 1, 
3 mmol/L)

i. 0.1 mmol/L had no effect on 
proliferation, ALP, or bone 
matrix mineralization, while 
inhibition was found for the 
higher studied concentrations

Chang et al. [70] Human osteoblasts Indomethacin 
(0.1–1 μm), ketorolac 
(0.1–1 μm), piroxicam 
(0.1–1 μm), diclofenac 
(0.1–1 μm), and celecoxib 
(1–10 μm)

i. Inhibition of proliferation 
occurred with all studied 
NSAIDs

ii. Replenishment of PGE-1, 
PGE-2 and PGF2a did not 
reverse this negative effect

Kolar et al. [71] MG63 human 
osteoblasts

Celecoxib (2, 10, and 
50 μm)

i. Marginal effect with the 
concentrations of 2 and 10 μm 
but 50 μM reduced cell viability 
and Osteoprotegerin (OPG) 
secretion and stimulated 
oxygen consumption and 
GLUT-1 expression

Yoon et al. [72] Human bone 
marrow 
mesenchymal stem 
cells

Celecoxib (10, 20, 
40 μm), naproxen (100, 
200, 300 μm)

i. No effect on ALP and calcium 
content in the absence of 
interleukin 1β, while in its 
presence, ALP and calcium 
were reduced only with the 
highest studied concentration
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6.1.1  Negative effect of NSAIDs

Several animal studies in rodents concluded the negative effect of NSAIDs on 
fracture repair, bone density, and strength [55]. In an animal experimental study on 
rat ulna, it was concluded that selective COX-2 inhibitor decreases the area of resorp-
tion along the fracture line, and non-selective NSAID administration altered the 
bone formation and resorption that lead to reduced length decreased remodeling and 
lamellar bone formation may occur [51]. In another experimental study on rat femur, 
fracture healing was delayed due to inhibition of COX-2 activity by selective COX-2 
inhibitors [76].

Soft callus was seen in the fibula of rabbits due to an increased amount of cartilage 
and less amount of newly formed bone in callus, indicating delayed fracture healing 
when treated with non-selective and selective COX-2 inhibitors in a previous study 
[77]. In another study, it was appreciated that administration of COX-2 inhibitors 
in rats resulted in delayed healing with poorly developed callus and decreased bone 
strength [78].

A previous study that examined the effects of non-selective NSAIDs on bone 
repair in rats concluded that NSAIDs delayed or even completely inhibited fracture 

Year/Study Model used Drug Outcome

Guez et al. [73] Human MG-63
Osteosarcoma cell

Indomethacin (1–10 μm)
Nimesulide (1–10 μm)
Diclofenac (1–10 μm)

i. All NSAIDs had an inhibiting 
effect on osteoblastic 
proliferation and significant 
effects on the antigenic profile

ii. No treatment altered 
osteocalcin synthesis

Muller et al. [74] Equine bone 
marrow 
mesenchymal stem 
cells

Flunixin (10–1000 μm), 
phenylbutazone (10–
1000 μm), meloxicam 
(0.01–200 μm), and 
celecoxib (0.01–200 μm)

i. Low NSAID concentrations 
had a positive effect on 
proliferation, while the higher 
ones inhibited proliferation

ii. Adipogenic and chondrogenic 
differentiation was found 
unaltered; however, 
osteogenesis was significantly 
disrupted

Pountos et al. [75] Bone marrow 
and TB-derived 
mesenchymal stem 
cells

Diclofenac, ketorolac, 
parecoxib, ketoprofen, 
piroxicam, meloxicam, 
and lornoxicam (all 
0.001 to 100 μg/mL)

i. No effect on MSC 
proliferation when the cellular 
medium was supplemented 
with expected plasma 
concentrations

ii. Negative effect was 
encountered when high 
concentrations were used 
(over 100 μg/mL)

iii. NSAIDs in plasma 
concentrations had no effect 
on osteogenesis

iv. Chondrogenesis was found 
inhibited by NSAIDs

Table 2. 
In vitro studies in animals [30].
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healing [79]. Similarly, bone healing was seen delayed with negative effects of sys-
temic inflammation on the repair process in the mice which were given non-selective 
NSAIDs for 2 weeks after surgery [80].

6.1.2  No effect of NSAIDs

In contrast, in a few other animal studies, there was minor to zero effect on 
the fracture healing process [70, 71, 81, 82]. NSAIDs-treated groups showed no 
significant effect on fracture healing and remodeling in the animals [81]. The admin-
istration of NSAIDs did not affect fracture healing when given to rats after closed 
diaphyseal fibula fractures [73].

6.2  Human studies

Numerous previous studies have been done in humans, with the administration of 
different NSAIDs for certain time durations, and different results have been obtained 
(Table 3).

6.2.1  Negative effect of NSAIDs

In human studies, the administration of NSAIDs also resulted in controversial 
effects on the fracture healing process. In one human study, it was concluded that 
prolonged high-dose exposure to NSAIDs inhibits osteogenesis, leading to malunion 
and non-union in adults [74].

In another human retrospective study, malunion and non-union were seen in 
patients treated with both non-selective and selective COX-2 NSAIDs administration 
for more than 1 week, whereas delayed bone healing was seen in patients who had 
taken NSAIDs for 1 week, confirming the relationship between the duration of the 
treatment and fracture healing process [93].

6.2.2  No effect of NSAIDs

There are also a few studies that concluded NSAIDs have no effect on the fracture 
healing process. As in one previous study, no effect on fracture healing was seen 
between patients of Colles fracture who had been treated with ibuprofen and placebo 
for 2 week [94].

7.  Conclusion

The conclusion drawn from the preceding discussion underscores the critical 
impact of non-steroidal anti-inflammatory drugs (NSAIDs), both non-selective and 
selective COX-2 inhibitors, on the process of fracture healing. Through their mecha-
nism of action, these medications have been shown to detrimentally affect the expres-
sion of collagen X during the initial phases of fracture healing. This downregulation 
of collagen X expression is strongly associated with decreased new bone formation, 
leading to an increased presence of bone defects and fibrous tissue at the fracture site. 
As such, NSAIDs, particularly non-selective COX inhibitors, pose a significant risk to 
the optimal progression of bone healing.
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The implications of this finding are profound, especially in clinical settings where 
fracture healing is of paramount importance. Patients who are administered NSAIDs, 
especially non-selective COX inhibitors, may experience delayed healing processes, 
prolonged recovery times, and increased susceptibility to complications associ-
ated with inadequate bone regeneration. It is imperative, therefore, for healthcare 

Year/Study Design Drug Conclusions and 
recommendations

Davis and 
Ackroyd [83]

Prospective double-blinded 
study of 100 patients with 
Colles’ fracture

Flurbiprofen
(50 mg TDS)

i. No effect on Colles’ fracture

Adolphson et al.
[84] 

Randomized double-blinded 
study on 42 postmenopausal 
women with Colles fracture

Piroxicam i. No decrease in the rate of 
fracture healing

ii. Patients receiving piroxicam 
had

iii. significantly less pain
iv. No difference in the rate of 

functional
v. Recovery

Butcher and 
Marsh [85]

Retrospective review of 94 
patients with tibial fracture

Not specified i. Increase in the length of time 
to the union by 7.6 weeks 
(P = 0.0003) (16.7 weeks 
versus 24.3 weeks)

Wurnig et al. 
[86]

80 prospective patients receiving 
indomethacin prophylaxis for 
THR compared with 82 patients 
without

Indomethacin 
(oral 50 mg 
BD)

i. No effect on prosthetic 
loosening after cementless 
hip arthroplasty

Giannoudis 
et al. [87]

Retrospective review of 377 
patients treated with IM nail

Ibuprofen and 
diclofenac

i. Increased risk for non-union 
in patients receiving NSAIDs

Bhandari et al. 
[88]

Retrospective review of 192 
tibial shaft fractures

Not specified i. Relative risk of 2.02 
(P = 0.035) for patients who 
take NSAIDs

Burd et al. [89] Retrospective review of 282 with 
acetabular fractures

Indomethacin i. Patients receiving 
indomethacin had an 
increased risk of developing 
non-union

Sculean et al. 
[90]

Randomized blinded study on 
20 patients with deep intra-bony 
defect

Rofecoxib 
(25 mg/day 
for 14 days)

i. No effect on the healing 
of intra-bony periodontal 
defects

Bhattacharyya 
et al. [91]

Retrospective review of 9995 
humeral shaft fractures treated 
non-operatively

Not specified i. Exposure to non-selective 
NSAIDs in the period 
61–90 days after a humeral 
shaft fracture was associated 
with non-union

Meunier et al. 
[92]

Randomized study involving 50 
patients undergoing total knee 
replacement

Celecoxib 
(200 mg BD)

i. No differences in prosthesis 
migration, pain scores, range 
of motion, and subjective 
outcome were found after 
2 years

Table 3. 
Studies analyzing the effect of NSAIDs on bone healing in humans [30].
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providers to exercise caution when prescribing NSAIDs, particularly in individuals 
deemed to be at considerable risk for impaired bone healing.

Furthermore, this conclusion underscores the need for a nuanced approach to pain 
management in patients with fractures, particularly in those who are vulnerable to 
compromised bone healing. While NSAIDs are often prescribed for their analgesic 
and anti-inflammatory properties, their potential adverse effects on bone metabolism 
and healing cannot be overlooked. Healthcare providers must weigh the benefits of 
pain relief against the potential risks of impaired fracture healing when making treat-
ment decisions for their patients.

Considering these findings, it is recommended that alternative pain manage-
ment strategies be considered for patients at risk of impaired bone healing. This may 
include the use of alternative analgesic medications or adjunctive therapies that do not 
interfere with the process of bone regeneration.

Additionally, close monitoring of patients who require NSAID therapy for other 
medical conditions is essential to promptly detect any signs of delayed fracture heal-
ing. Moving forward, further research is warranted to elucidate the precise mecha-
nisms by which NSAIDs modulate fracture healing and to identify potential strategies 
to mitigate their adverse effects. A better understanding of these mechanisms will 
enable healthcare providers to optimize pain management strategies while minimiz-
ing the risk of impaired bone healing in vulnerable patient populations.

In the end, the use of non-selective and selective COX-2 NSAIDs has been shown 
to negatively impact fracture healing by decreasing the expression of collagen X and 
impairing new bone formation. Healthcare providers must exercise caution when pre-
scribing NSAIDs, particularly in patients at risk of impaired bone healing. Alternative 
pain management strategies should be considered, and close monitoring of patients 
receiving NSAID therapy is essential to ensure optimal outcomes in fracture heal-
ing. Further research is needed to elucidate the underlying mechanisms and develop 
targeted interventions to mitigate the adverse effects of NSAIDs on bone healing.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Osteogenesis is a complex process of bone formation involving several phases 
and utilizes various cell, metabolites, hormones, and organic and inorganics compo-
nents. Numerous genetic factors mediate bone formation. Initially, progenitor cells 
produce osteoblastic lines, which pass through three major cell differentiation stages: 
proliferation, maturation of matrix, and mineralization. Based on embryonic origin, 
ossification is of two types: intramembranous and endochondral. In intramembra-
nous ossification, mesenchymal cells in ossification center directly differentiate into 
osteoblasts, without prior cartilage formation. It involves mesenchymal cell prolifera-
tion in highly vascularized areas of embryonic connective tissue, leading to primary 
ossification center formation. These cells then synthesize bone matrix at periphery, 
with continuous differentiation into osteoblasts. The resulting bone undergoes 
reshaping and is eventually replaced by mature lamellar bone. Sufficient blood supply 
and communication among cells by lacunar-canalicular system are crucial for bone 
synthesis and maintenance. In contrast, endochondral ossification begins with the 
formation of primary ossification center within cartilage. Chondrocytes undergo 
proliferation, expanding the cartilage through cartilage matrix deposition. Central 
region of cartilage sees the maturation of chondrocytes into hypertrophic chondro-
cytes. As primary ossification center forms, marrow cavity expands toward epiphysis. 
The process is completed by subsequent stages of endochondral ossification in various 
zones of ossification.

Keywords: osteogenesis, remodeling, RANK/RANKL/OPG signaling, ossification, 
osteocytes, osteoblasts, osteoclasts

1.  Introduction

Bone is the toughest connective tissue in the human body, consisting of 50% water 
and other solid elements that involve several minerals. Specifically, 33% of cellular 
material is made up of 76% calcium salt. The bone’s primary source of nutrition 
throughout development is the blood supply, and hormones play a fundamental role 
in regulating this process. Osteoblasts, osteoclasts, and other bone-forming cells are 
responsible for determining new bone growth [1].

Bone serves three major purpose: firstly, it plays a crucial role in maintaining 
calcium homeostasis and works as a storehouse of phosphate (PO4

3−), potassium 
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(K+), magnesium (Mg+), and bicarbonate (H1CO3
−). Secondly, it provides protection 

to internal organs and mechanical support to soft tissues and acts as a lever for muscle 
contraction. This supports bodily functions, including mobility. And lastly, it is the 
primary site of hematopoiesis in adults [2].

The bone matrix is different from matrices of other connective tissue in regards 
that it regenerates continuously throughout the life because of bone turnover and 
physiological mineralization. Bone tissue has mineral as well as non-mineral constitu-
ents. On (and inside) the bone tissue, there are three different types of cells: (a) the 
osteoblasts that build new bone, which transform into (b) osteocytes when osteo-
blasts absorb mineral and (c) the osteoclasts that destroy or break down new bone. 
These cells communicate and interact with each another through signaling substance 
or direct cell contact [3].

1.1  Bone cells

The primary functions of bone cells, originating from the mesenchymal stem 
(MSCs) and hematopoietic stem cell (HSCs) lines, are the absorption of bone and 
remodeling of bone. Bone cells are divided into many categories according to their 
appearance, function, and distinct location [4]. A mature osteoblast has an enormous 
quantity of RER and huge Golgi apparatus. Some of the osteoblasts possess cyto-
plasmic projections in order to travel in bone matrix direction and finally reached 
at osteocyte process. At this stage, this OB has two choices: either they convert into 
osteocyte or BLCs or undergo programmed cell death. Surprisingly in the vacuoles 
of osteoblasts, there are some ovoid bodies having dense bodies, and some TUNEL-
positive structures are found and seen. These findings indicate that they are also able 
to engulf apoptotic materials in addition to skilled phagocytosis during the alveolar 
development of bone (Figure 1) [2].

Figure 1. 
Classification of bone cells as osteoblasts, osteoclast bone-lining cells, and osteocytes on the basis of their source, 
resorption, development, and functions. Mature osteoblast structure as a single cuboidal cell layer having 
enormous quantity of RER and huge Golgi apparatus.
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1.2  Osteoblasts

The main cells responsible for forming bones are known as osteoblasts (OBs). 
These cells are in cuboidal and plump-like appearance and are organized in different 
layers to form matrix which is then mineralized extracellularly. Osteoblasts comes 
from mesenchymal stem cells (MSCs) that produce tendon fibroblasts, fat, muscle, or 
chondrocytes, as well as other types of fibroblasts [5].

For MSCs, to commit osteo-progenitor lineage, several genes must be expressed. 
This includes components of Wnt pathway and bone morphogenetic protein (BMP) 
synthesis. Osteoblast differentiation is basically based on expressions and activa-
tion of RUNX2, osteorix (Osx), and Dlx5. Among them, RUNX is considered more 
important for their differentiation because it upregulates ColIA1, BSP, and BGLAP as 
well as ALP and OCN (Figure 2).

After the expression of ColIA1 and RUNX2, there starts a proliferation phase. At 
this stage, precursors of osteoblasts are referred to as pre-osteoblasts because they 
show alkaline phosphatase (ALP) activity.

Some transitions indicate the conversion of pre-osteoblast to mature OBs. 
This includes elevation of Osx synthesis and release of some bone matrix pro-
teins. Additionally, configuration of osteoblasts changes, converting into large 
cuboidal-cells.

Other elements such as connexin 43, microRNAs, and fibroblast growth factor 
(FGF) are crucial for the differentiation of osteoblasts.

After the matrix formation, a new phase starts having two sub-stages, that is, 
vesicular and fibrillary stage in which matrix mineralization occurs. Organic matrix 
deposition and their mineralization are the two major steps for bone matrix formation 
through osteoblasts. During the initial stage, bone matrix is formed by the release of 
collagen type 1, non-collagenous proteins such as OCN, osteopontin, and BSPII, and 
proteoglycans such as biglycan or decorin.

After the matrix formation, a new phase starts having two sub-stages, that is, 
vesicular and fibrillary stage in which matrix mineralization occurs. Matrix vesicle 

Figure 2. 
Osteoblast transformation after the bone-forming phase, the sealing zone, and ruffle border and ionic transport.
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releases from domains of membrane and connects to other substances as well as 
proteoglycans (PGs) in the vesicular phase. Ca2+ immobilizes these PGs. These Ca2+ 
release through some channels which are created by annexin protein when there is 
disintegration of PGs [6].

1.3  Bone lining cells

In contrast to osteoblasts that are present on the bone surface, these are some 
flat or thin barely noticeable cells which surrounds the bony inactive surface of the 
human skeleton. Initially, bone lining cells (BLCs) were considered to be preosteo-
blasts. Currently, it is accepted that osteoblasts that fail to suffer apoptosis and fail to 
differentiate into osteocytes become bone lining cells [7].

Although BLCs are present on many bone surfaces, but they are well-characterized 
on endosteal and endocortical surfaces. The majority of the skeletal surface is covered 
with BLCs and is inactive. Only a small percentage of the overall skeletal surface is 
remodeling at any one moment. Whereas, BLCs cover the non-remodeling or “inac-
tive” bone surfaces. It is likely that these surfaces, together with the cells connected 
to them, are physiologically functioning in terms of mineral balance and calcium 
exchange. BLCs are flattened across the outside of the bone such that they seem 
exceedingly thin and elongated when sliced perpendicular to the surface. By light 
microscopy, it can be hard to differentiate BLCs from diverse cell types, including 
adventitial, stromal, marrow sac, and osteoprogenitor cells. Through gap junctions, 
they establish connections with neighboring bone lining cells (BLCs) and send cell 
processes into surface canaliculi.

Another ability that BLCs have is that they can differentiate into osteogenic cells; 
that is why, they act as a determined osteogenic precursor’s source. Along with other 
endosteal tissue cells, BLCs may do some crucial job in hematopoiesis and may be 
a key element of the marrow stromal system, possibly by regulating the inductive 
microenvironment. BLCs may play a role in the initiation of bone resorption and 
remodeling by transmitting the activation signal. Also, evidence illustrates the 
importance of BLCs in maintaining bone fluids and ion fluxes between interstitial 
fluid compartments and bone fluids for mineral homeostasis [8]. BLCs show intercel-
lular adhesion molecule 1 while it do not express osteocalcin. These are two important 
phenotypic differences between BLC and osteoblasts.

1.4  Osteocytes

Osteocytes form more than 90–95% of all the bony cells, whereas osteoblasts and 
osteoclasts comprise about 4–6% and 1–2% of bone cells, respectively, in an adult 
skeleton. These are sporadically distributed along the whole mineralized matrix. 
Their cell body is encapsulated in a structure called lacuna and is connected with each 
other via dendritic process which traverses bone in a microscopic canal-like structure 
called canaliculi having dimensions of 250–300 nm [9].

Osteocytes display a distinct morphology both in vivo and in culture that is 
determined via the expression of E11/PDPN/GP38, PLS3, or CD44. These genes are 
also expressed in neurons. Osteocytes are now considered as the mechanosensory 
cells. They have a long lifespan and are found throughout the volume of the bone. 
Osteocytes give rise to proteins like sclerostin and RANKL, and OPG may influence 
on other bony cells via autocrine or paracrine pathways. All these happen because of 
hormonal and mechanical signaling [10].
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1.5  Osteocyte formation

Osteocytes arise through the differentiation of osteoblast from the lineage of 
mesenchymal cells. Four different phases of this process involving (a) osteoid-
osteocyte, (b) pre-osteocyte, (c) young osteocyte, and (d) mature osteocyte have 
been proposed. When the cycle of bone synthesis ends, some osteoblasts’ group may 
be converted into osteocyte embodied in the matrix of bone.

During this process, some notable configurational changes also occur, and this 
may include reduction in protein production or synthesis and also decrease in 
round osteoblast shape, which may be correlated with decrease in some organelle 
count [6].

Furthermore, these cells create a network among them by connecting with nearby 
osteocytes through many different kinds of lengthy procedures. The network called 
the lacunar-canalicular network promotes the exchange of nutrients and waste prod-
ucts between osteocytes and acts as a gap junction for communication. Their cell body 
is deeply present in lacuna, and with the help of canaliculi, their processes arrives to 
the surrounding osteocytes, and its supply is maintained by Haversian canals through 
which small vessels move (Figure 3) [7].

These cells serve as mechanosensors by means of this system as their connected 
network can detect mechanical loads applied on bone. This enables the bone to 
withstand stresses of daily life. Osteocytes also regulate remodeling by controlling 
the functions of osteoblasts and osteoclasts. Furthermore, it has been established that 
osteocyte death acts as a stimulus of bone resorption via osteoclasts [6].

Osteocytes detect microfractures in the mineralized bone that result from the 
mechanical force placed on the bone during movement. In response to this, the cells 
activate the remodeling process that fix the damaged bone. Osteocytes also detect 
metabolic signals in addition to the mechanical ones. Aging and estrogen withdrawal, 
which are linked with increase in bone remodeling and decreased bone mass, increase 
the risk of their death. Osteocytes in two ways affect osteoblasts: first, they upregulate 
osteoblasts by producing messengers such as prostaglandin E2 and nitric oxide, and 
second, they downregulate osteoblasts by releasing sclerostin [11].

Figure 3. 
Osteocyte with its lacuna, a structure containing osteocyte and canaliculi which connect one cell with another 
through various channels and allow them to exchange their nutrients and transmission of signals necessary for 
remodeling and repair of bone.
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1.6  Osteoclasts

The main cells which are involved in the breakdown of bones are osteoclasts. This 
role is essential for the maintenance, remodeling, and repair of the vertebral skeleton 
bones. Human osteoclast gigantic multinucleated entity is 150–200 μm in diameter 
and typically comprises four nuclei. The transformation of macrophages to osteoclasts 
by osteoclast-inducing cytokines leads to very massive cells, up to 100 μm in diameter. 
They may contain dozens of nuclei and express typically major osteoclast proteins, 
but because of the non-natural substrate, they differ greatly from the other cells that 
live in bone. The multinucleated constructed osteoclast’s size allows it to focus many 
macrophages’ vesicular, protein secretory, and ion transport capacities on a specific 
region of the bone. The bone multicellular units (BMU) that reshape the bone involves 
combined activities of osteoblasts, that build bone, and osteoclasts, that break down 
bone [12]. When osteoclast activity is dysregulated, bony mass rises. Osteoclast 
precursors stick on osteons’ surface and continue to divide, differentiate, and fuse to 
mature polynucleated entities to initiate bone remodeling. In order that the osteoclast 
adheres to the bony surface, it disintegrates the matrix loaded with minerals and runs 
across bony surface and causes certain active domain development. Each osteoclast 
undergoes programmed cell death (apoptosis) at the completion of bone resorption.

Unlike the cells that we have seen so far, osteoclasts come from HSCs instead of 
MSCs [7]. Various factors are important in differentiation and survival of osteoclast 
precursor including RANKL and CSF-1.

Osteoprotegerins inhibit their actions on RANK receptor. The degree of osteoclast 
development and function is determined by the RANKL/OPG expression ratio. 
Osteoclast development depends on signaling through mononuclear precursor cell 
colony stimulating factor receptor. This signaling then upregulates the secretion of 
RANK and regulates the key osteoclast gene. These genes are required for both the 
smooth functioning of mature multinucleated osteoclasts and the maturation of 
osteoclast precursors. In inflammatory diseases like rheumatoid arthritis (RA), pro-
inflammatory cytokines and RANKL work in conjunction to stimulate osteoclast for-
mation that is further enhanced by the conversion of dendritic cells into osteoclasts.

Osteoclasts which are mature and non-polarized become activated and are 
attached to the matrix of bone to cause the resorption. Osteoclasts become polarized 
when they bind to bone. After adhering to the bone matrix, different kinds of podo-
somes and domains are formed by the polarized osteoclast.

Podosomes have an actin base encircled by a ring complex consisting of some 
integrins and cytoskeletal proteins while domains contain SZ, RF, and active secre-
tory domains. After the formation of a ruffle border, some vesicles are shifted toward 
the membrane via tiny tubules. These vesicles contain cathepsin K and metallo-
proteinases. At the ruffled border, various enzymes, including cathepsin K, are 
exocytosed. When the osteoclast’s fibrillar actin cytoskeleton come in contact with the 
bone matrix, an actin ring develops. This creates SZ that separates the surrounding 
bone surface from the acidified resorption compartment. Bone resorption becomes 
impeded if either the RB or the SZ is disrupted.

Osteocytes endocytose the fragments of degraded collagen which release the Ca2+ and 
P which are then released at FSD prior to entering the blood stream. Proteolytic enzymes 
like cathepsin K additionally break down the collagen fragments during this transcytosis 
process. Small GTPases regulate every stage in the resorption of bone (Figure 4) [11].

Microscopic analysis of osteoclasts show that a small, specialized surface of the osteo-
clast is responsible for resorption. The entire arrangement provides a sealed area where 
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resorption occurs. This enclosed region holds lysosomal contents. The pH is around 4, 
which is acidic and optimum for lysosomal enzyme to break the bone matrix [5].

Several hormones, that is, calcitonin and PTH, and growth factors such as IL-6 
regulate osteoclasts. One contributing element to the condition of ‘osteoporosis’ is the 
last hormone, IL-6. Two molecules that are generated by osteoblasts, osteoprotegerin 
and RANK ligand, interact to influence osteoclast activity as well. These chemicals 
additionally regulate osteoclast differentiation (Figure 5) [12].

There are four different kinds of cells in bone tissue. Osteoblasts are formed by 
undifferentiated osteogenic cells. Osteoblasts deposit in the bone matrix. When 
osteoblasts get stuck in the calcified matrix, osteocytes form. Osteoclasts are the 
particular kind of cell lineage that performs the job of bone resorption (Table A1).

Figure 4. 
Osteoclast with their ruffled border and sealing zone and the vesicles that contain H+ and cathepsin moving 
toward the membrane. This entire arrangement is a sealed area where resorption occurs.

Figure 5. 
A visual overview of bone cells that are responsible for the formation of bone and its metabolism, remodeling, and 
repair, including osteoblasts, osteoclasts, osteocytes, and osteogenic cells with their significant features.
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1.7  Bone matrix

Bone matrix comprises two components: organic and inorganic. Around 20% of 
bone mass is made up of organic matrix, mainly composed of collagen. Among them 
collagen type 1 accounts for 90% of the total bone matrix having less quantity of 
collagen type III, V, X, and XII (Figure A1).

Collagen is a highly branched protein made up of about 1,000 amino acids, orga-
nized into a rope-like structure. Collagen provides pliability to the bone; meanwhile, 
rigidity of the bone is provided by the inclusion of minerals to collagen. If collagen 
does not contain additional minerals tissues of bone, it will become extremely pliable 
and possess qualities comparable to a rubber band.

In addition to collagen, proteoglycans and non-collagenous proteins constitute 
a minor portion (approximately 10%) of the organic matrix’s bulk. These include 
mainly BSP and osteopontin [13].

The main inorganic components of bone include calcium and phosphate ions. 
Bone matrix has complex and well-organized framework that perform a crucial role 
in maintaining bone’s homeostasis by providing mechanical support. The release of 
different molecules from the bone matrix may cause the disruption of function of 
bony cells that leads to bone remodeling [6].

2.  The bone remodelling process

Bone undergoes remodeling continuously during the course of an individual’s 
life. In order to maintain structural integrity and metabolic function, bone remod-
eling is crucial. The remodeling cycle comprises five coordinated steps that takes 
place within the basic multicellular unit and occurs at different places across the 
skeleton, simultaneously yet asynchronously. This process involves both local 
and systemic regulation through various kinds of hormones and growth factors 
along with some pathways such as canonical Wnt signaling and RANKL/OPG. In 
vertebrates, the bone performs a variety of functions, such as providing structural 
support for muscles, storing and releasing growth hormones stored in the matrix, 
and protecting vital organs and hematopoietic marrow activity [14]. The bone uses 
its cellular machinery to modify its structural design and material composition to 
respond various loads [15]. Processes of “construction” and “reconstruction” that 
occur in bones throughout the life are “bone modeling” and “bone remodeling.” In 
modeling, major changes in the bone structure is brought about through a separate 
process in which bone resorption and formation occur at different sites on a skel-
eton. However, in remodeling resorption and formation are closely correlated to one 
another both spatially and temporally, maintaining the same volume and structure 
of the bone [16].

• A structure called BMU where both bone cells, that is, OB and OC work together 
during this process; however, its organization differ in different bones. This 
implies that cortical bone undergoes approximately 2–5% of remodeling per year.

• This structure creates a canal which is cylindrical in shape, 1000 μm in length 
and 150–200 μm in width in the cortical bone. A circular tunnel is formed by 10 
osteoclasts in the dominant loading direction during a cycle, and multiple osteo-
blasts fill this. This implies that about 2–5% undergoes remodeling every year.
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• The remodeling is more active in trabecular bone than cortical bone as it has a 
significantly greater surface to volume ratio. Osteoclasts dig a trench approxi-
mately 40–60 m deep by travelling at a speed of around 25 m/day across the 
trabecular surface [17].

• Bone modeling and remodeling maximize bone strength while reducing mass to 
satisfy loading and mobility requirements. Where bone is needed, it is deposited 
by bone formation; where it is not, it is eliminated by bone resorption. Bone 
modeling mostly takes place during growth.

• It depends on surface of bone, mostly affecting the three inner surface compo-
nents of the bone, and it is quite less common on the outer bone surface [15].

• Activation, resorption, reversal, formation, and termination are the five stages 
of bone remodeling cycle. This cycle takes place over several weeks. Bone-lining 
cells encircle each BMU, providing a unique setting for coupled resorption-
formation. The overall size and volume of the bone remains constant during 
physiological bone remodeling [11].

2.1  Bone modeling

Modeling initiates in early skeletal development in which bone formation and 
resorption are non-parallel causing changes in the configuration of bone [16]. This 
process is in contrast with the remodeling process in which bone cell activity is syn-
chronized and happens on particular bony surfaces, while in modeling activity it is 
unsynchronized or uncoupled and occurs on different sites [18]. This process is done 
by various drifts that change bones’ shape by adding or removing bone tissue from an 
existing surface to withstand mechanical loads [13]. To achieve this, both OB and OC 
work separately from each other in space. There are two types of modeling: formation 
and resorption modeling. Both are done by OB and OC, respectively, having a princi-
pal objective of changing the shapes of bones and increasing their mass [18].

When these mechanisms are disrupted, as in the case of infantile osteogenesis imper-
fecta treated with antiresorptive drugs (bisphosphonates), inhibition of this process at 
metaphysis may occur and exaggerated at diaphysis. In this case, the overall diameter 
increases with age. Although most bone modeling is finished by when the skeleton 
reaches adulthood, modeling may still happen in some situations, like during exercise 
and stress or renal bone disease (Figure 6) [16].

2.1.1  Events that signal modeling

Local tissue strain initiates bone modeling. Bone is formed when these stresses are 
above normal, and formation modeling may occur. Bone is removed, and resorptive 
modeling begins if stresses are minimal.

The bone cells that detect and respond to mechanical stress are called osteocytes. 
By the canaliculli, fluid ebbs and flows through compressive forces. Osteocytes sense 
fluid movement through a structure that protrudes from their cell membrane and is 
known as the primary cilium. The cilium’s movement incites signaling pathways in the 
osteocyte, which raise cytosolic calcium levels and alter gene expression.

Osteoclasts and osteoblasts can be stimulated by the products of these genes to 
start the process of bone molding. A rise in cytosolic calcium in a single osteocyte may 
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spread to other osteocytes because osteocytes are linked by gap junctions. There are 
two stages of the modeling process: activation and either formation or resorption.

In addition, the stimulation of bone lining cells to differentiate into mature, func-
tional osteoblasts begin forming a matrix. When an adequate quantity of bone mass is 
added to bear the stress, this process terminates [18].

2.1.2  Bone remodeling

The remodeling process involves bony reconstruction by eliminating discrete, 
measurable “packets” of bone and replacing them with fresh bone. This happens con-
tinuously throughout life, resulting in the growing, adult, and senescent skeletons’ 
ongoing the remodeling of bone [13].

For sufficient physiological bone remodeling to be achieved, proper coupling of 
formation and resorption is necessary. This is done via direct communication of vari-
ous bone cells and occurs in a structure called BMU. This structure plays an important 
role in facilitating this cycle [19].

The BMU is different in its composition and arrangement among different bones 
and is surrounded by different cells that resemble a canopy to form an area where OB 
and OC are anatomically coupled to cause remodeling which is called BRC [16].

The cycle of bone remodeling occurs over several weeks and comprises five steps: first 
activation then resorption after that reversal, then creation, and finally termination [11].

2.1.3  Activation

This represents the very first stage in bone remodeling. The bone is in a quiet or 
quiescent condition before this. The bone receives and detects the initiating remodel-
ing signal. This signal may be mechanical or hormonal.

Figure 6. 
Bone modelling with the help of osteoblasts and osteoclasts that gives the bone strength to withstand stresses. Yellow 
color indicates bone formation modeling because of the activity of osteoblast, and grey color represents resorption 
modeling by the activity of osteoclasts.
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It is of two types: targeted and non-targeted. Remodeling that happens because of 
mechanical forces and micro-damage is termed as targeted. On the other hand, non-
targeted remodeling, which is not site-specific, happens because of systemic altera-
tions in various hormones. Osteocytes are also capable of recognizing the biological 
signals resulting from physical forces. When the signal is detected or recognized, the 
BLCs begin to retract, collagenase disintegrates the inner membrane of bone, and 
precursors of osteoclasts are drawn from the bloodstream and are activated.

After their activation, these began to differentiate and start secreting H+ and 
several enzymes that initiate the resorption of the bony matrix. When serum calcium 
levels drop, the parathyroid gland secretes PTH to keep normal homeostasis. It 
affects the kidneys and bones directly and also the intestines indirectly. This hormone 
promotes RANKL or MSCF expression to promote osteoclast activation and differen-
tiation by attaching at their receptor site on OB and bone’s stromal cells. Additionally, 
estrogen inhibits the synthesis of RANKL by osteoblasts and osteocytes while concur-
rently producing OPG from these cells, which decreases the formation of osteoclasts. 
Thus, as estrogen levels drop among women after menopause, osteoclast survival and 
production rises, leading to an increase in bone resorption [20–23].

2.1.4  Resorption

During each remodeling cycle, osteoclast-mediated bone resorption lasts approxi-
mately about two to four weeks. The cytoskeleton of osteoclasts is reorganized, 
leading to adhesion to the surface of the bone. Bone OC cells pump proton H+ in the 
compartment which is formed by the creation of SZ and RF to increase the area where 
this secretory activity takes place. This results in the destruction of bone minerals.

Various other enzymes are also released to cleave minerals of bone, and this includes 
metalloprotease or cat K etc. This leads to the formation of cavities on the surface of 
trabecular bone that are referred to as Howship’s lacunae. The resorption phase is then 
terminated by the multinucleated osteoclasts undergoing apoptosis [11, 13, 16, 24].

2.1.5  Reversal

We still are not entirely familiar with the reversal phase, which is when bone 
resorption transforms into formation and lasts approximately four to five weeks. Two 
major events are believed to be taking place, though. First, the new bone matrix is 
deposited onto the freshly resorbed bone surface, and further signaling takes place to 
couple resorption to the formation and prevent net bone loss.

Several coupling signals have been postulated, including the substances gener-
ated from the bone matrix, that is, TGF-β whose quantity is equated with markers 
of turnover in the matrix of bone-like type 1 collagen pro-peptide as well as serum 
OC. TGF-β reduces osteoclastic resorption by inhibiting osteoblasts from producing 
RANKL.

Theories suggest that, with their surface regulating receptor and cytokines, osteo-
clast is the primary source of the factors that are responsible for coupling. Some other 
factors also included in this are IGF BMP-2 and TGF-b [11, 13, 16, 24].

2.1.6  Formation

The process of bone formation might take four to six months. Osteoblasts form the 
new, proteinaceous matrix to fill up the cavities that osteoclasts left behind [11].
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Several potential coupling mechanisms have been suggested, such as the cell-
anchored EphB4ephrin-B2 bidirectional signaling complex and the soluble chemical 
sphingosine 1-phosphate. Lyso-sphingolipids (S1P) are released by OC which prompts 
OB precursors’ enlistment and increases their survival. Osteoblasts demonstrate 
EphB4 receptors, while osteoclasts express the ligand Ephrin-B2 that increases osteo-
genic differentiation by forward signaling.

Both processes of stimulating creation and inhibiting the resorption of bone are 
achieved by this signaling (eph/ephrin). As a result, coupling may need to occur through 
a variety of different processes, including soluble signals and direct contact. When 
osteocytes are at rest, they inhibit bone growth by terminating the Wnt signaling via 
sclerostin, but when stress is applied, they activate PTH signaling which then promotes 
bone growth by inhibiting their sclerostin action and maintaining BMD of bone but is 
still unclear how PTH signaling and mechanical strain interact to enhance remodeling.

MSCs may undergo differentiation to form new bone when MSCs along with 
OB progenitor cells move toward resorption lacunae. Type 1 collagen is the primary 
organic substance which makes up bone along with other organic substances and 
protein as discussed earlier; however, this freshly deposited osteoid is amalgamated 
by hydroxylapatite [25]

The complex procedure of bone mineralization, that includes the deposition of 
hydroxyapatite crystals among collagen fibrils, is poorly understood. The ratio of PPi to 
P is the major regulator in bone mineralization which is affected by a number of factors. 
Here, PPi is called inorganic pyro-phosphate, and P represents phosphate. Between 50% 
and 70% of osteoblasts undergo apoptosis after the completion of bone formation, and 
the remaining osteoblasts convert into osteocytes, or bone-lining cells [11, 13, 16, 20].

2.1.7  Termination

The final stage, which initiates after one month of formation of osteoids, is known 
as mineralization or calcification and ends after 3 months in trabecular and 120–
130 days in cortical bone after the formation of this osteoid. The remodeling cycle 
is complete when a comparable volume of bone is regained that is being resorbed 
(Figure 7) [11, 16, 25].

Figure 7. 
Bone remodeling compartment: the adjacent bone lining cells receive signals from osteocytes through the 
canalicular network when bone remodeling is required. After that, a compartment is created where this process 
occurs by shrinking of these cells called as BRC [24].
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The bone remodeling cycle begins when pre-OC comes in contact with bone 
marrow capillaries and differentiate into mature osteoclasts under the action of 
pro-osteoclastogenic cytokines derived from osteocytes, such as M-CSF and RANKL. 
Pre-osteoclasts are pulled in this compartment BRC in which they are converted into 
OB that forms bone and load up lacuna. This process is believed to be induced by 
signals derived from osteocytes.

3.  Endocrine regulation of bone remodeling

3.1  Parathyroid hormone (PTH)

Parathyroid glands release a polypeptide hormone from their main cells that 
serves to raise blood calcium levels. PTH affects the kidney and bone directly, and it 
also indirectly affects the intestines by the action of vitamin D. Furthermore, PTH 
regulates bone mass in an endocrine way [17, 19, 26].

Depending upon the length of exposure, PTH might have a directly opposing 
impact on remodeling. Loss of bone mass in both cortical and trabecular bone is 
because of continuous PTH, whereas cortical bone loss is more severe. The altera-
tions in the OPG-RANKL-RANK signaling pathway by PTH are responsible for 
these catabolic consequences. Osteocytes and osteoblasts are the source of continu-
ous PTH, which stimulates osteoclastogenesis by inhibiting OPG and increasing 
RANKL [26].

Lower plasma calcium concentrations activate the negative feedback process and 
cause less binding to the parathyroid gland’s calcium-sensing receptors (CaSR). As a 
result, more PTH will be released, increasing the levels of calcium. This hormone also 
affects OC indirectly by increasing RANKL activity which controls their action and 
results in more plasma calcium levels.

On the other hand, binding to the CASR receptor is lessened when the plasma 
calcium concentration is increased and this will inhibit PTH release. When CaSRs are 
stimulated, the receptor undergoes a conformational shift that stimulates the phos-
pholipase C pathway. This eventually results in increased intracellular calcium that 
inhibits PTH from being exocytosed from the parathyroid gland’s chief cells.

On the other hand, to treat osteoporosis, PTH is administered intermittently 
and acts as an anabolic agent. Sclerostin along with dickkopf-1 are expressed less 
when PTH signaling is intermittent, whereas Wnt ligand Wnt10b is expressed more. 
Osteoblastogenesis and bone formation increase when canonical Wnt signaling 
increased [16, 26].

3.2  Estrogen

Estrogen is the primary hormone that regulates bone metabolism in both men and 
women [27–29].

Estrogens promote the formation of new bone while inhibiting resorption. Men 
with insufficient levels reconstruct at a faster rate because they produce less estrogen 
from testosterone by aromatization [16].

In cases of estrogen insufficiency, there is an increase in bone remodeling which 
causes a reduction in bony mass because resorption is much more than formation [26].

The concept that osteoporosis results from decreased bone formation after meno-
pause was initially proposed by Albright et al. in the 1940s. IL-1 and TNF production 
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suppression is done by estrogen. These are not only well-known inhibitors of forma-
tion but also a powerful bone resorption promotor.

They directly affect osteoblast cells, which in turn indirectly activates adult 
osteoclasts. According to certain studies, TNF and IL-1 stimulate osteoclast precur-
sor activity directly, which increases the production of osteoclast cells. The action of 
these cytokines is blocked by estrogen. Estrogen indirectly limits IL-6 expression. The 
actions of TNF and IL-1 that upregulate IL-6 and assist its actions are blocked, and 
that is why, this happens. IL-6 mainly stimulates the process of osteoclastogenesis by 
stimulating osteoclast precursors. As estrogen inhibits osteoclastogenesis, it therefore 
has a bone-protective effect. This hormone activates estrogen osteoprotegerin (OPG) 
and facilitates mature osteoclast’s programmed death directly. This OPG then regu-
lates bony mass [30].

3.3  Calcitonin (CT)

C-cells of the thyroid gland release a hormone called calcitonin in response to 
elevated calcium levels that inhibit bone resorption by binding to osteoclast’s calci-
tonin receptor, decreasing their number, secretory activity, and formation of ruffled 
borders [26, 31].

It was also said that the main regulator of bone resorption process is calcitonin. 
Because of this, calcitonin has been used widely in clinics to treat bone conditions 
such osteoporosis, hypercalcemia, and Paget’s disease [32].

It is also believed that osteoblast-like cells lack calcitonin receptors, but in certain 
systems, this hormone reacts to OBs and enhances the osteoinduction of rhBMP-2. 
However, the effects of this hormone are still unclear on osteoblasts [19].

3.4  Thyroid hormone

The relationship between thyroid hormones and bone formation was first 
 understood in the 1890s when von Recklinghausen noted a patient with hyperthyroid-
ism and multiple fractures [33].

Thyroid hormones T3 and T4 along with TSH cause expansion of epiphyseal plate 
of long bones via OB stimulation [26].

Thyroid hormone exerts a significant effect on bone and mineral metabolism and 
is an important modulator of bone remodeling [34, 35].

About 100 years later, we still know that hyperthyroidism causes a 10% loss of 
bone by increasing their turnover, slowing or delaying their remodeling process, and 
uncouples osteoblastic and osteoclastic activity. This might lead to osteoporosis. On 
the other hand, adolescents with hypothyroidism suffer delayed skeletal develop-
ment and maturation, epiphyseal dysgenesis, and retarded long bone growth. Adult 
hypothyroidism has been associated with decreased bone turnover and osteosclerosis; 
both conditions can be resolved frequently with thyroid hormone therapy [16, 29].

Triiodothyronine (T3), a physiologically active thyroxine derivative, influences 
both osteoblasts and osteoclasts in vitro. T3 affects osteoblasts in two ways: it has 
been noticed that it inhibits osteoblast proliferation and promotes osteoblast dif-
ferentiation in both primary and calvarial osteoblasts and osteoblastic cell lines. In 
osteoclasts, T3 acts directly or indirectly through cytokines and stimulates osteoclast 
activity [19].

The thyroid hormone receptors (TR) TRα1 and TRβ1 which are encoded by Thra 
and Thrb gene, respectively, modulate the actions of TH on bone [35].



49

Bone Development and Growth
DOI: http://dx.doi.org/10.5772/intechopen.1005118

3.5  Glucocorticoids

Glucocorticoids have a significant impact on the function, differentiation, and 
replication of bone cells. They promote bone resorption by increasing the expression 
of collagenase 3. Glucocorticoids have three main effects on osteoblasts: (a) increase 
their programmed cell death, (b) decrease their differentiation, and (c) reduce their 
activity by altering the expression of binding proteins and various growth factors. 
Glucocorticoids increase the risk of osteoporotic fractures by causing rapid bone loss. 
In cartilage, these hormones inhibit linear growth by modifying GH and IGF [36].

The bone resorption is largely because of direct actions of glucocorticoids on the 
skeleton and partially due to an increase in calcium excretion in urine and a decrease in 
an intestinal absorption of calcium. The mechanism by which glucocorticoids oppose the 
effects of vitamin D in vivo by inhibiting intestinal calcium transport is still unclear [37].

Secondary hyperparathyroidism has been suggested due to elevated renal calcium 
losses and decreased absorption of calcium, but in glucocorticoids-induced-osteopo-
rosis, it does not seem to be significant.

It is suspected that increased sensitivity to parathyroid hormone (PTH) contrib-
utes to the observed bone resorption. As parathyroid hormone/PTH-related peptide’s 
expression is increased by the glucocorticoids, consistent increase of blood PTH 
or a pattern of bone loss similar to hyperparathyroidism should be expected if the 
process results in a hyperparathyroid state that occurs in a glucocorticoid-induced-
osteoporosis (GIO). But there is no correlation between the acute or long-term use 
of glucocorticoids and serum PTH levels in the hyperparathyroidism range. Further 
evidence from bone densitometry suggests that PTH is not involved in glucocorticoid-
induced osteoporosis.

A condition that is recognized by cortical bone loss while cancellous bone is pre-
served is primary hyperparathyroidism; in contrast, glucocorticoid-induced-osteo-
porosis (GIO) shows an opposite pattern of preferential bone loss. It is confirmed 
by histomorphometric investigation of bone biopsies that glucocorticoids-induced-
osteoporosis and hyperparathyroidism are two different disorders. Osteoblast number 
is preserved, but bone turnover is increased in primary hyperparathyroidism.

On the other hand, the turnover of bone along with the loss of OBs occurs in 
GIO. These explanations suggest that PTH do not prominently cause glucocorticoid-
induced osteoporosis. When pre-osteoclasts’ RANK receptors are stimulated by the 
attachment of RANKL, it in association with CSF-1 prompts osteoclastogenesis.

In order to prevent osteoclast receptor from attaching the RANKL, osteoprotegerin 
binds to RANKL and functions as a decoy receptor. RANKL and CSF1 expressions are 
upregulated by glucocorticoids, but osteoprotegerin expression is downregulated in 
the surrounding stromal cells and osteoblasts. Consequently, there is an increase in 
the production of osteoclasts and bone resorption [26, 36].

When exposed to glucocorticoids, bone resorption is inhibited by bisphosphonate, 
which also stops and reverses bone loss. But evidence from clinical setting states that 
people with GIO have bone loss in the starting months when they are exposed to 
glucocorticoids. Anabolic substances can enhance bone mass in the GIO by promoting 
bone formation, such as parathyroid hormone [36–38].

3.6  Growth hormone and IGF

Growth hormone is released from anterior pituitary gland under hypothalamic 
regulation. It plays multiple roles in the human body, including control of several 
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metabolic pathways, regulating the release and the function of other hormones, 
and interacting with the immune system. But as its name suggests, the most stud-
ied task it performs is coordinating longitudinal growth. Through the local and 
systemic synthesis of IGF-I, GH affects directly as well as indirectly. As the devel-
opment and metabolism of bone is controlled via both GH and IGF-I, they also 
influence bone mass. Throughout childhood, bone mass gradually grows, reaching 
a peak in the middle of 20s. There is a consequent gradual decrease that quickens at 
later age.

In childhood, both growth and remodeling causes bone mass development. In 
order to promote bone formation, GH both directly and indirectly increases osteo-
blast proliferation and activity through IGF-I. It has been found that osteoblastic 
MC3T3-E1 cells have GH binding sites [39].

In addition to that, it also increases osteoclast activity and differentiation which 
promotes bone resorption. As a result, there is a net increase in bone accumulation 
and raise in the overall momentum of the remodeling process. When GH lacks, bone 
remodeling occurs more slowly and eventually loses bone mineral density. Although 
GH directly affects chondrocytes, it mostly controls their function by stimulating the 
formation of matrix and cell proliferation in these cells through IGF-I [26, 40, 41].

A long-term GH therapy may reverse the severe limitation on bone growth and a 
decrease in bone mineral density caused by GH deficiency [42].

4.  Bone growth or ossification

A process that begins at 6–7th week of embryogenesis and goes till the age of 25, in 
which bone formation occurs, is known as ossification or osteogenesis of bone. This 
process varies in different individuals and in different bones [43].

There are two types of bone ossification: intramembranous and endochondral 
ossification. In both cases, pre-existing mesenchymal tissue is converted into bone 
tissue. Intramembranous ossification refers to the process of directly converting mes-
enchymal tissue into bone to form flat bones. This procedure primarily occurs in the 
skull’s bones. On the other hand, the mesenchymal cells may develop into cartilage, 
which is then converted to bone [44].

4.1  Intramembranous ossification

This process does not begin with an existing cartilage model. Intramembranous 
ossification is the process through which most of the skull’s bones and a few 
other (flat) bones, including the clavicle and scapula, forms embryonically. 
Intramembranous ossification begins in mesenchyme, which is embryonic connec-
tive tissue having mesenchymal cells. This typically is linked to embryonic develop-
ment, and intramembranous ossification may also occur after birth (during bone 
repair or healing). During their first stage, a blastema is formed which is made by 
the combination of the mesenchymal cells. This produces bone matrix after their OB 
differentiation. To direct their cells toward the osteoblastic lineage, RUNX plays a 
key role.

The process in which formation of bone takes place within a particular area is 
known as the primary ossification center, which is established when osteoblasts 
produces the initial bone matrix. Thus, more and more matrix is produced, and few 
osteoblasts get encapsulated and transform into osteocytes.
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Woven bone is formed by initial OBs. More osteoblasts are drawn to the surface, 
where they continue to produce this bone and then lamellar bone and continue 
to form the matrix until the required matrix is formed. Some bones, during devel-
opment, may form as a result of the union of many tiny bony islands. In some 
bones, including the jaw, that is formed by the intramembranous ossification, 
there is the creation of some cavities to allow vessels to invade the ossification core 
(Figure 8) [18, 24].

4.2  Endochondral ossification

A process by which majority of bones, that is, skull base bones (including ethmoid 
and sphenoid bone), the axial (ribs and vertebrae) and the appendicular bones, long 
bones, the medial end of the clavicle, as well as short bones are developed is called 
endochondral ossification [21].

Shrinking of mesenchymal cells, similar to intramembranous ossification, starts 
this process. These cells differentiate into chondroblasts rather than of osteoblasts. 
SOX-9 is the transcription factor that drives this process. These cells, called chon-
droblasts, create a matrix of cartilage that eventually surrounds certain other cells, 
converting them into chondrocytes. The perichondrium surrounds the hyaline car-
tilage. Osteoblastic differentiation occurs on this cartilage and initiates building the 

Figure 8. 
The intramembranous ossification taking place in the sea of mesenchymal cells. (A) In the beginning, 
mesenchymal stem cells assemble into blastema and convert into osteoblasts. (B) Production of bone matrix. (C) 
Bone matrix undergoing remodeling. (D) Photomicrograph showing the jaw’s intramembranous ossification-
forming island of bone (eosin and hematoxylin stain) [18, 20].
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bone. The transcription factor RUNX2 controls this osteoblast differentiation process, 
much like it does during intramembranous ossification. The long bone’s diaphysis, or 
midshaft, is where bone growth first takes place, giving rise to a structure known as 
the bone collar.

After the formation of this structure, calcification of matrix occurs because the 
cartilage cells die. Through the osteoclast assistance, there is the entry of primary 
blood vessel via this collar, in the area of calcified cartilage. These vessels help in 
the transportation of osteoclasts which not only provide nutrients for remaining 
cells but also form the primary ossification center [18]. Primary and secondary 
sites are two different locations where this process takes place, and among them, 
the bone initially grows at the primary site. After that, growth at epiphyseal plate 
occurs which is responsible for longitudinal growth. This process involves five 
steps [22].

4.2.1  Zones of endochondral ossification

4.2.1.1  Resting zone

The resting zone is the furthest region from cartilage template’s margins composed 
of chondrocytes embedded in the hyaline cartilage matrix. At some places, this zone 
is named as the reverse zone [23].

The chondroblasts adjacent to the perichondrium continually generate new resting 
zone matrix that is rich in type II collagen. The chondrocytes however are embedded 
in the matrix to generate a new matrix. Both morphological and physiological proper-
ties of the chondrocytes in the resting zone are similar to those of hyaline cartilage in 
other body parts.

4.2.1.2  Proliferative zone

As the name suggests, the proliferative zone, which is the second area, is the place 
of active chondrocyte mitosis as shown in Figure 9. The stacked coin appearance of 
this region is the result of the longitudinal division of cells which makes it readily 
identifiable histologically. These cells produce significant amounts of type II collagen-
rich matrix. Various growth factors, signaling pathways, and proteins regulate the 
zone of proliferation. Some of these are somatotropin, IHH, IGFs, and BMPs. Among 
few substances that has been demonstrated to stop chondrocyte proliferation in this 
region is fibroblast growth factor (FGF).

4.2.1.3  Hypertrophic zone

It is the third zone in which cells are arranged in two portions; among them, 
lower zone’s cells continue to grow and undergo death, while higher zone’s cells cause 
long bone growth. Thyroxine along with Wnt-b-catenin pathways is responsible for 
increase in cartilage cell’s size, while PTHrP and IHH inhibit hypertrophy of cartilage 
cells. This hypertrophy causes the cell to grow and synthesize matrix that is rich in 
type 2 collagen. However, this area also exhibits a shift in type II collagen production 
to type X collagen. Genetic programs lead to a sharp increase in chondrocyte cell size, 
a shift in production of type 2 toward COL10A1, and the induction of substance like 
VEGF and ALP that causes the cartilage matrix to calcify and vascularize all compo-
nents of hypertrophic differentiation [45].
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4.2.1.4  Zone of calcification

It is the stage where cartilage calcification is observable. Because of inadequate cel-
lular waste removal or nutrient diffusion, the cells of the cartilage may die in this zone.

4.2.1.5  Zone of ossification

The zone of ossification is the last zone, where bone initially forms. Toward this 
calcified tissue surface, osteoblasts are drawn from the skeletal tissue to build woven 
bone.

Osteoblasts that are recruited to the surface of calcified tissue (to form new woven 
bone) form the skeletal tissue. Osteoclasts also exist in the ossification zone and act 
to remove calcified cartilage as well as newly formed woven bone, which is through 
remodeling subsequently converted into lamellar bone (Figure 9) [18].
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Abbreviations

MSCs mesenchymal stem cells
BMPs bone morphogenic proteins
BMU basis multicellular unit
HSCs hematopoietic stem cells
Sz sealing zone
Rf ruffled border
FSD functional secreting domain
CATK cathepsin k
BLCs bone lining cells
BRC bone remodeling compartment

A. Appendix

B. Osteoblasts

Some of the osteoblasts possess cytoplasmic projections travel in bone matrix 
direction and finally reached to osteocyte process. At this stage, this OB has two choices: 
either they are converted into osteocyte or BLCs or undergo programmed cell death. 
Surprisingly, in the vacuoles of osteoblasts, there are some ovoid bodies having dense 

Cell type Function Location

Osteogenic cells Develop in osteoblast Deep layers of periosteum and the marrow

Osteoblast Bone formation Growing portion of bone including periosteum 
and endosteum

Osteocytes Maintain matrix mineral 
concentration Entrapped in matrix

Osteoclasts Bone resorption Bone surfaces and at sites of old, injured, or 
unneeded bone

Table A1. 
Bone cells along with their functions and location.

Figure A1. 
Components that form bone matrix. Inorganic components consititute the most part [9].
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bodies, and some TUNEL-positive structures are found. These finding indicate that they 
are also able to engulf apoptotic material in an addition to skilled phagocytosis during 
alveolar development of bone [12, 14].

C. Bone lining cells

Recent studies suggest that bone lining cells anchored the hematopoitic stem cells 
that gives stimulus to them to remain in their undifferentiated state. These cells play a 
crucial role in changes that are associated with the bone remodeling promoting HSCs 
differentiation toward osteoclasts and by using matrix metaloproteinases. These cells 
prepare bone surface by excluding the unmineralized collagen fibril. During their 
transformation from osteoblasts to osteocytes, some proteins that form phenotype of 
osteoblast are no longer produced. These include alkaline phosphatases, collagen type 1 
osteocalcin, and bone sialoprotein [15].

D. Osteoclasts

Based on electron micrographs, membrane part that is nearest to the mineralized 
bone surface is highly convoluted and forms ruffled border. A membrane ring called 
as the sealing zone, seals the resorption area by tightly connecting to the bone and, 
is present at the outer edge of the ruffled border. And, it is a site where the osteoclast 
attaches to the surface of bone and where the actual bone resorption occurs. It is also 
the site where the osteoclast secretes acid (protons H+), which acidifies the surround-
ing environment and other lysosomal enzymes, such as cathepsin K, which breaks 
down the organic components of the bone matrix.

E. Bone matrix

Collagen is a fibrous highly convoluted protein consisting of thousands of amino 
acids. These are arranged into a rope-like structure which is 300 nm in length. Its 
fibrils are made up of one α2 and two α1 polypeptide chains that assemble to form 
triple helical procollagen molecule inside OBs. These osteoblasts release the pro 
collagen molecules causing the assembling of each collagen molecule to form collagen 
fibril which then together forms collagen fiber.

Without collagen, bone becomes brittle just like a chalk. Various processes and 
abnormalities including aging and genetics can influence its structure, affect struc-
tural integrity of bone tissue, and cause weakening of it and become more prone to 
fracture than normal.

Proteoglycans and non-collagenous proteins form a minor portion of the organic 
matrix’s bulk, but they are essential for osteoblast differentiation, tissue mineraliza-
tion, cell adhesion, and bone remodeling [25].

A minute concentration of bicarbonate, sodium, potassium, citrate, magnesium, 
carbonate, fluorite, zinc, barium, and strontium also constitute inorganic com-
ponent in addition to calcium and phosphate. Hydroxyapatite crystals, that have a 
chemical formula of Ca10(PO4)6(OH)2, are formed when calcium and phosphate ions 
nucleate [14].
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F. Bone modeling and remodeling

F.1 Activation

There is active 1,25 vitamin D3 production from inactive precursor and increases 
calcium absorption by the kidneys because of PTH (Figure A2). This 1,25 VitD3 
influences the resorption of bone indirectly and also increases RANKL and MCSF 
expression by this. Finally, estrogen’s function in the process of bone remodeling is a 
bone sparing hormone. Both osteoblasts and osteoclasts express estrogen receptors. 
By causing pre-osteoclast and osteoclast apoptosis, while inhibiting osteoblast and 
osteocyte apoptosis, and limiting excessive bone resorption, estrogen plays a critical 
role in controlling the longevity of bone cells [25, 28, 32].

F.2 Ossification

The zone of reserve in which hyaline cartilage acts as a storehouse for chondro-
cytes may aid in the process of growth. This photomicrograph’s zone of prolifera-
tion, in which chondrocytes proliferate quickly, is located at the top divide and 
become stacked in a longitudinal orientation. The zone of hypertrophy in which 
chondrocytes enlarge and undergo terminal differentiation, and they subsequently 
compress the matrix into aligned spicules and secrete type X collagen to stiffen it. 
The zone of calcified cartilage is where chondrocytes release osteocalcin and matrix 
vesicles that cause the matrix to start to calcify by crystallizing hydroxyapatite. The 
zone of ossification is where bone tissue initially appears. Here, osteoblasts form a 
layer over the calcified cartilage matrix’s spicules and release osteoid (Figure A3), 
which then develops into woven bone (that further modified into lamellar bone) 
(Figure A4) [46].

Figure A2. 
An Illustration of the various stage of bone remodeling; activation, resorption, reversal, creation and termination 
in the bone remodeling cycle.
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Figures A3. 
Various of the endochondral ossification and involved mechanism.

Figures A4. 
Remodeling versus modeling: In bone remodeling, the formation of bones and resorption are simultaneously 
mediated by osteoclasts at the same site. Its main goal are to regenerate the skeleton and recover micor-damage. 
The periosteal, endocortical, intracortical, and trabecular envelopes all undergoes remodeling. Bone modeling 
mostlt take placed during skeletal growth.
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Chapter 4

Hereditary Hemorrhagic
Telangiectasia (HHT)/Osler-
Weber-Rendu Syndrome: A Review
on Contemporary Knowledge, Its
Accompanying Clinical
Manifestations, Diagnostics, and
Oro-Dental Management Plan
Ziyad S. Haidar

Abstract

HHT/OWRS is a very rare, hereditary, genetic autosomal-dominant disorder charac-
terized by local angiodysplasias on skin and mucosae, even more rarely reported in the
oral and dental health-related literature. It affects blood vessel formation throughout the
body and is often accompanied with recurrent and severe episodes of epistaxis and
telangiectasia on the skin and mucous membranes, including oral mucosae; and hence-
forth, perhaps the first sign of OWRS/HHT that can be initially diagnosed is by us,
dentists/odontologists, oral and cranio-maxillo-facial surgeons, and specialized oral, den-
tal, head, face and neck health care providers. Such symptoms may be associated with an
IgA deficiency and, rarely, with vonWillebrand disease. Thus, we are in an optimal
position to detect the OWRS/HHT symptoms early, even if symptoms of other conditions
may or do mimic OWRS/HHT oral lesions. Herein, this chapter re-visits and reviews, for
the interested clinician, surgeon, scientist, researcher, and Innovation in Osteogenesis
Research reader, the current knowledge on a very rare yet complex disease. Hence, the aim
herein is for it to serve as a reminder as well as a contemporary clinical and surgical guide
aiding in detecting, diagnosing, understanding, and efficaciously managing (including
Health Care Information Management) patients suffering from OWRS or HHT.

Keywords: Osler-Weber-Rendu syndrome, arterio-venous, malformation, epistaxis,
hereditary hemorrhagic telangiectasia, Morbus-Osler, dental implications, genetics

1. Introduction

The Osler-Weber-Rendu syndrome (OWRS) or Osler-Weber-Rendu disease
(OWRD) is also known as Morbus-Osler disease and hereditary hemorrhagic
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telangiectasia (HHT), these 2 (or 3) terms (OWRS, OWRD, and HHT) being inter-
changeably used in oral communications, books/atlases, and scientific publications.
“Hereditary” tackles the inherited character of the disease, and the term “hemor-
rhagic” derived from the Greek “haima” (blood) and “rhegnynai” (flow) describes
nosebleeds, blood coughing, and gastrointestinal bleeding. “Telangiectasia,” derived
from the Greek “telos” (far), “angeion” (vessel), and “ektasis” (expansion), all these
together mean or refer to the pathological expansion of the smallest blood vessels
(capillaries). In 1864, Henry Gawen Sutton first described HHT, and in 1896, OWRS
was readdressed by French physician Henri Jules Louis Marie Rendu [1] who distin-
guished it from hemophilia. In 1901, it was revisited by Canadian physician Sir
William Osler [2], hence the “Osler’s Disease,” and in 1907, English dermatologist
Frederick Parkes Weber continued the characterization of this disease [3]. At last, in
1909, Hanes named this syndrome as “hereditary hemorrhagic telangiectasia,” an
autosomal dominant trait [3–5], a disorder in which capillaries throughout the body
are weakened (vascular dysplasia) in skin and mucosa. This weakness seemingly is
due to defective endothelial interconnections [6] where it affects the blood vessels
and is characterized by wide-spread telangiectasias that can involve the skin (face,
fingers, and occasionally the palms), mucous membranes (oral, nasal, and gastro-
intestinal), lungs, and brain. Characteristically, telangiectasias do not become
apparent before the upper 30s or 40s as they rarely manifest during childhood or
adolescence, and once they manifest, expansion in number and area covered occurs
and may bleed after minor trauma, or even spontaneously [6], a tendency to bleed.
Telangiectasia on skin, oral and perioral tissues, nasal, gastro-intestinal, or urogenital
mucosae often leads to bleeding resulting in iron-deficiency anemia, or, rarely, even
cardiac failure. Telangiectasia may be observed in any part of the oral cavity and may
be particularly conspicuous on the lips [7], as is depicted in the clinical case in
Figure 1.

OWRS, seemingly, is due to defective endothelial interconnections. Herein, the
genetic defect involves endothelial cells that are obviously unable to produce
overlapping cytoplasmic villi that normally interdigitate with an adjacent endothelial
cell, and this results in an ultrastructural gap between the endothelial cells. The
capillaries then spread and balloon into telangiectasias after years of systemic vascular
pressure [8]. OWRS is specifically characterized by alterations in the growth factor
receptors of blood vessels endothelial; the first detectable pathology is the focal dila-
tion of postcapillary veinules [6–9]. As the lesion begins to enlarge, over time, capil-
laries have a tendency to completely disappear and produce a complete arteriole and
venule connection. The junction between the vein and artery is thin, leading to a
dilation in the vessel wall, and this is called or termed “telangiectasia.” In a fully
developed telangiectasia, the arteriole and/or venule becomes extremely dilated and
manifests superficially on skin or mucosal surfaces as a red or purplish dot. Larger
vessel dilations, such as those observed in some internal organs, are named arteriove-
nous malformations or AVMs. Telangiectasias and AVMs are firstly asymptomatic yet
have the tendency to rupture, leading to bleeding episodes that can have serious
sequels depending on anatomical location, especially in the case of AVMs, as reported
by Sharath Kumar and Shapiro [9]. In about 80% of OWRS patients, a family history
is realized [6–9]. The disease may be present in childhood and is more often to appear
during puberty, but usually manifests during the second and/or third decades of life
and is usually fully blown after the age of 35 and becomes progressively worse with
increasing age [6, 9]. Briefly, HHT is classified into four types, though more types
may exist: HHT types I and II (account for approximately 85% of cases); HHT type III;
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and HHT-juvenile polyposis overlap syndrome (JPS-HHT). The juvenile
polyposis syndrome (JPS) is a rare autosomal dominant condition (increases the risk
of development of gastro-intestinal malignancy) characterized by five or more gas-
trointestinal tract hamartomatous polyps or one or more juvenile polyps with a family
history of JPS [10, 11]. It is worth noting that a juvenile polyposis-hereditary hemor-
rhagic telangiectasia overlap syndrome has previously been reported in 22% of
patients with JPS due to a SMAD4 gene mutation [10–12] or BMPR1A gene, which is
found in 40–60% of patients with JPS [11]. In 2012, O’Malley and associates
studied and determined the prevalence and clinical manifestations of HHT in their
juvenile polyposis patients and concluded that nearly all have the overlap syndrome
and that healthcare providers must be aware and cognizant of the juvenile polyposis-
hemorrhagic hereditary telangiectasia overlap syndrome [10]. In 2021, the first case
of JPS-HHT in South Korea was reported (a 15-year-old boy), exhibiting the
performed genetic studies of the patient himself and his parents revealing the detec-
tion of a de novo variant in the SMAD4 gene, [SMAD4 c.1146_1163del; p.
His382_Val387del] [12]. This report recommended that JPS patients should undergo
genetic evaluation of associated genes, including SMAD4, and those patients who are
genetically confirmed with SMAD4 variants ought to undergo the appropriate
evaluation to detect coexisting asymptomatic AVMs and avert life-threatening
complication(s) [12].

Figure 1.
A 55-year-old woman with OWRS presenting with facial telangiactasis (skin of cheeks and base of nasal
pyramid).
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2. Epidemiology, etiology, and genetics (+ involved mutations) for HHT
type I and II

Given its rarity and scarcity in clinical case reports, no reliable data about the inci-
dence of ORWS exists; the overall prevalence is 1–2 cases per 100,000 in the general
North American population according to Marx and Stern [6] and 1 in 5000 to 8000,
according to and Begbie et al. [13] and Bailly et al. [14], an underestimation because many
cases are asymptomatic (and variable penetrance becausemain symptoms do not present/
appear until later in adult life, in general). Sekarski and Spangenberg [15] and the HHT
Foundation International (established in June of 1991 and renamed cure HHT in 2014),
reports that more than 1 million cases worldwide are affected by this disorder. OWRS
affects men and women in almost equal numbers and manifestations (epistaxis and skin
telangiectasias being the most common). Whites are much more frequently affected with
HHT than blacks and skin lesions are more common on the face and fingers and are
usually well apparent [6]. Children and adults share the same manifestations and parents,
once diagnosed, often seek medical attention for their children, with potentially life-
threatening manifestations and complications of HHT/OWRS identified in asymptomatic
children under 12 years of age [15], rendering screening to recognize this disease (appro-
priate diagnostic screening), and becoming familiar with evaluation, its manifestations,
and treatment options (including prevention of internal bleeding or even death), critical,
for the healthcare provider. According to Macri et al. [16] two main types of HHT, HHT1
and HHT2 caused by heterozygous/heterogenic mutations, have been identified, thus far
(as of 2022). Briefly, HHT1 involves a mutation (61%) in the ENG gene (endoglin, in
chromosome 9, 9q33–34), wherein patients, especially women, are at a higher risk of
developing pulmonary and cerebral AVMs. On the other hand, the HHT2 type involves a
mutation (37%) in ACVRL1 (activin A receptor-like type 1, in chromosome 12, 12q13)
also known as ALK1. Herein, patients tend to have a higher risk of developing AVMs in
the liver. Furthermore, mutations in GDF2 (growth differentiation factor 2) that encode
the protein that binds to ENG and ACVRL1 have been detected. Both ALK-1 and ENG
encode putative receptors for the transforming growth factor-ß (TGF-ß) super-family
that plays a crucial role in blood vessels proper development. OWRs, therefore, it has
been stated, for decades, to be caused by genetic mutations involving the signaling of
TGF-ß, with defects in at least four genes implicated (ENG, ALK1, mutations of chromo-
some 5, and mutations of SMAD4/MADH4). Mutations in SMAD4/MADH4 (encoding
SMAD4 also involves chromosome 18). Today, OWRS/HHT is considered as a disease of
the BMP9/10 pathway rather than a disease of the TGF-ß pathway. Furthermore, in
dystonia (involuntary muscle contractions) and posture research, genetic studies
explained which deletions in 9q34.11 [17] involve the genes ENG, TOR1A (early-onset
primary dystonia), STXBP1 (syntaxin binding protein 1 - encephalopathy) and SPTAN 1
(spectrin alpha) are responsible for the multisystemic vascular dysplasia, early-onset
dystonia, epilepsy and the intellectual impairment or disability (neuro-developmental
disorders/developmental delay), which shows the potential association between dystonia,
�muscle tone, movement disorders, and OWRS.

3. Clinical presentation of OWRS/HHT and its ORO-facial manifestations

OWRS is characterized by spontaneous and recurrent epistaxis, telangiectasia in pre-
determined areas (oral cavity, nose, fingers, and lips; Figure 2), visceral injuries (gastro-
intestinal, hepatic, pulmonary, cerebral, and spinal), and a family history of HHT. OWRS
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is an under-diagnosed condition, and without accurate diagnosis, it may lead to serious
morbidity and mortality. Clinically, patients develop telangiectatic capillary dilations
within the superficial layers of skin and mucous membrane, which always blanch on
compression [6, 18, 19]. Below, the most common symptoms and clinical presentation of
OWRS/HHT manifestations are summarized to the healthcare attendant:

1.The earliest and most common symptom of OWRS is persistent and recurrent
epistaxis (nosebleeds), from childhood. Epistaxis is the most troublesome and
most frequently presenting symptom of this multisystem disorder; it is present in
more than 90% of affected individuals [20]. It is frequently severe, leading to
severe anemia that often necessitates repetitive blood transfusions. On clinical

Figure 2.
Same patient in Figure 1 with telangiectasias of right external ear, right and left fingertips, and lower lip.
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examination, mucosa of the nasal septum displays small vascular dilations, and
epistaxis results from lesions in the anterior septal mucosa within the
Kiesselbach’s plexus or area (i.e., the wall separating the right and left sides of the
nose; a vascular network formed by the five arteries—anastomose—that supply
oxygenated blood to the nasal septum, named after the German otolaryngologist
Wilhelm Kiesselbach ~ year 1884). It is noteworthy, nonetheless, that while
epistaxis in OWRS/HHT can be present all over the nasal surface (medial, lateral,
and first 2/3 of the nose), it should not be confused with other unrelated
bleedings that can also occur in the K area. Such bleedings are often referred to as
“idiopathic hemorrhages” or “idiopathic epistaxis.”

2.Mucocutaneous telangiectasias and angiomas are not generally observed until
young adulthood, as tiny red, pulsating, usually punctate, macules and papules (1–
3 mm in size) characteristically observed on mucosae and skin, and as skin lesions
on trunk and arms, yet more common on the face (base of the nasal pyramid,
cheeks, conjunctivae, and ears), and acrally (on peripheral portions of limbs,
fingers and toes and nail beds, and head, ears, and nose). These lesions are often
red or brown, rather than purple, then readily blanch on diascopy (blanch upon
pressure and regain their color when pressure is released). They easily bleed, even
after a mild trauma; bleeding is not the result of a deficiency in clotting factor(s),
but rather occurs as a result of the rupture of weak capillaries. As the affected
patient grows, bleeding episodes increase in intensity and frequency. These
diagnostic lesions are also observed within the nasopharynx, gastrointestinal and
genitourinary tracts. Note that telangiectasias are permanent small dilations of
blood vessels [6] and not angiomas or areas of bleeding; they do not appear
characteristically apparent until upper 30s or 40s of age, with rare exceptions
manifesting earlier in life. Telangiectasias of the skin and oral mucosae are
observed in approximately 75% of patients with OWRS; they are usually visible by
age 30,and increase in number and size with age [13]. As mentioned earlier above,
the skin lesions occur primarily on the hands, face, and feet [9].

3.GI severe bleeding is also prevalent because of GI telangiectasis. GI bleeding
usually recurs in older patients [21]. Gastric, visceral, and lung mucosae may all
be involved in OWRS, and because of that, hematemesis (vomiting of blood—
indicating upper GI tract bleeding), melena (dark black and tarry feces), or
hemoptysis (spitting and coughing of blood originating in the lungs) may be part
of the existing symptoms.

4.Visceral arteriovenous malformations or AVMs are also an important
manifestation of OWRS, as described earlier. AVMs are observed in different
anatomic locations of the body (nasopharynx, central nervous system, lungs,
liver, spleen, and, sometimes, on the fingers and tips). Pulmonary, brain, and
hepatic AVMs can cause serious complications. Liver lesions occur very
frequently in women but the greatest documented risk results from pulmonary
areteriovenous fistulae that often predispose patients to septic brain emboli
(often lethal), and other central nervous system signs (such as strokes,
migraines, and epilepsy) may occur. Cerebral AVMs may lead to headaches,
ischemia, seizures, or devastating hemorrhages. Mucocutaneous telangiectasias
(occur in about 75% of patients with the condition and are most common to be
present on the lips, tongue, buccal mucosa, and fingertips) and AVMs (+ brain/
cerebral) are a potential source of serious morbidity and mortality.

68

Innovation in Osteogenesis Research



5.As consequence of chronic low-level blood loss, iron-deficiency anemia may
develop—a condition in which the blood lacks sufficient healthy red blood cells.
Without enough iron, the body cannot produce enough hemoglobin in the red
blood cells that enable them to carry oxygen. As a result, iron-deficiency anemia
may leave the patient feeling tired/fatigued, chest pains, and shortness of breath.
Other signs and symptoms may include weakness, headache, dizziness, cold
hands and feet, pale skin, brittle nails, poor appetite, and sometimes unusual
cravings for nonnutritive substances (starch, ice, or dirt) and inflammation and
soreness of the tongue.

6.Spleen and liver vascular anomalies may also occur and are usually associated
with liver cirrhosis (scar tissue replaces the healthy tissue) and parenchymal
proliferations.

7. In rare cases, some blood coagulation and clotting abnormalities (such as von
Willebrand disease or vWD, low level of vWD factor) may be associated with
OWRS.

8.For the oral and cranio-maxillo-facial surgeon, OWRS has also been associated
with FCOD [22] or florid cemento-osseous dysplasia (a benign fibro-osseous
lesion, characterized by the replacement of normal bone with fibrous tissue and
metaplastic/nonneoplastic bone in the periapical region of the tooth-bearing jaw
areas, predominantly in the mandible, suggested to originate from the
periodontal ligament).

Technical note: Given the wide variability in disease expression and severity, in
addition to OWRS/HHT established to affect multiple organ systems, several scaling
and grading tools have been developed and validated over the years. Indeed, ESS or
the epistaxis severity score, the HHT-score, and the Bergler-Sadick scale, among other
instruments and PROM or patient-reported outcome measures (such as daily diaries),
are available (classification criteria can vary though Food and Drug Administration or
FDA guidance criteria for weighing PROM instruments exist) to aid in (a) measuring the
frequency and intensity of epistaxis and (b) rank disease severity, to properly assess
the specific or individual case of OWRS/HHT and OWRS/HHT-related epistaxis. For
example, the Bergler-Sadick criteria to scale the severity of epistaxis or nose-bleeds in
OWRS/HHT patients go as follows: GRADE I (Frequency: ≤ Once a Week; Quantity:
Stains on Napkin); GRADE II (Frequency: Several per Week; Quantity: Soaked Nap-
kin); and GRADE III (Frequency: Daily or Several per Week; Quantity: Bowl or
similar utensil deemed necessary). Henceforth, several scales do take into consider-
ation the impact of the disease and its symptoms on quality of life. For instance,
besides frequency and quantity of epistaxis, the ESS considers the characteristics of
bleeding, presence of anemia, and hospital requirements in addition to the general
QoL impact secondary to associated symptoms.

3.1 Orofacial manifestations

In OWRS/HHT, lesions in the oral cavity (Figure 3) are most remarkable and
noteworthy on the mucosae of dorsal tongue, palate, lips, and buccal mucosa; how-
ever, remember, any type of oral mucosa can be affected [23, 24]. Herein, the
intraoral lesions are either macular (flat) or papular (elevated), and they usually

69

Hereditary Hemorrhagic Telangiectasia (HHT)/Osler-Weber-Rendu Syndrome: A Review…
DOI: http://dx.doi.org/10.5772/intechopen.1005632



present as “pinpoint-sized” or “pea-sized,” and less commonly, may be linear in
appearance. With their red/purple appearance, they may resemble mucocutaneous
petechiae, yet, unlike petechiae, OWRS telangiectasias blanch upon applying pressure
(diascopy test). They are asymptomatic but have a tendency to rupture, leading to
oral bleedings. Tens (sometimes hundreds) of round or oval macules/papules are
observed on the perioral soft tissues (mucosal base of the nasal pyramid) and inside
the oral cavity, particularly on the dorsal tongue and mucosal surface of the lips
(vermilion zone), and less often, on the gingiva, palatal mucosa, and buccal mucosa
[14, 18, 23, 24]. Lips and tongue are characteristically the prime areas for small
pinpoint-sized telangiectasias. Mucocutaneous telangiectasias are observed in about
90% of OWRS cases [25, 26]. and histopathologically are displayed as a superficial
collection of dilated blood vessels with a lamina propria characterized by a layer of
endothelial cells. The most frequent and worrisome clinical symptom is epistaxis
(nosebleed recurrent epistaxis in both children and adults.), as mentioned earlier,
from lesions located in the Kiesselbach’s plexus (Figure 4), which lies within the
Kiesselbach’s triangle (also known as Little’s area in some resources), an anatomical
region located in the anteroinferior part of the nasal septum where four (or five)
arteries anastomose to form a very rich vascular plexus; these arteries are the anterior
ethmoidal artery (branch of ophthalmic artery), the greater palatine artery (branch of
maxillary artery), the septal branch of superior labial artery (branch of facial artery),
and the sphenopalatine artery (terminal branch of maxillary artery). It is important to
notice that 90% of nosebleeds occur in Little’s area as this area is constantly exposed to

Figure 3.
Telangiectasias on palate and dorsal tongue in the same patient as in the previous figures.
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fingernail trauma and to the drying effect of inspiratory currents. Blood in this area is
then drained by the facial vein, ophthalmic veins, and the pterygoid plexus. It is
noteworthy to mention herein that it is exceptionally rare for a single patient to
present with all the “outlined” clinical manifestations of OWRS. It is also noteworthy,
as previously mentioned, that while epistaxis in OWRS/HHT can be present over the
oral and nasal mucosal surfaces, it should not be clinically confused with other
unrelated or idiopathic hemorrhages/epistaxis that can ensue in the K-area.

3.2 Diagnosis (Dx)

Dx— Today, OWRS/HHT clinical diagnosis [20] remains based on the “Curaçao
Criteria,” established in 1999 by the Scientific Advisory Board of the HHT Foundation

Figure 4.
Epistaxis and the Kiesselbach plexus (triangle or area) supplying blood to the anterioro-inferior quadrant of the
nasal septum.
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Figure 5.
Blood work (CBC: Complete Blood Count) laboratory testing conducted for Dx/DDx.
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International (Cure HHT in 2014). The four diagnostic criteria of Cure HHT
are as follows:

1.Spontaneous and recurrent epistaxis (up to 30 episodes per week). No consensus
on number of bleeding episodes or degree of epistaxis necessary for diagnosis;
however, nighttime nosebleeds should be considered as especially suspicious;

2.Multiple cutaneous and mucosal telangiectasias in the typical and characteristic
locations (tongue, lips, face, extremities of fingers, etc… ) that blanch on diascopy
(use a clear glass to press against skin to empty blood from lesion, under pressure);

3.Clinically-proven visceral AVMs (lungs, liver, brain, spine); and Family history
in a first-degree relative with OWRS/HHT.

Briefly, if three out of the four criteria are met, the diagnosis of OWRS/HHT is
definitive. If only two criteria are present, the diagnosis is considered possible or
suspected, and if the patient presents only one criterion, the diagnosis of OWRS/HHT
is deemed unlikely. Remember, this is a genetically transmitted disease/condition, and
it is inherited as an autosomal dominant trait. As described earlier, genetic testing of
patients and their family members can confirm the presence of specific mutations
with implicated genes. Herein, it is important to note that some families do not or
cannot show a link to any of the known loci. Consequently, children have a 50%
chance of contracting this disorder. Screening of family members for signs of OWRS/
HHT should include a complete history, physical examination, chest radiography, and
arterial blood gas testing (with measurement of the shunt fraction). Recent break-
throughs in molecular genetics have provided the medical community with a deeper
understanding of this genetic disorder, but, variability–even among members of the
same family renders the Dx tricky. Also, remember that the severity of this genetic
disorder largely varies, even between close relatives. Precise testing is advised.

3.3 Differential diagnosis (DDx)

DDx— Reference to laboratory testing (blood work, Figure 5) and an internal
medicine specialist is critical, for confirming the Dx agreeing to the Curaçao Criteria.
In DDx, note:

1. In some cases, multiple telangiectasis can be associated with connective tissue
disorders, such as the CREST syndrome [26, 27], hence may cause confusion,
because of telangiectasia. CREST (Calcinosis, Raynaud’s phenomenon,
Esophageal dysmotility, Sclerodactyly, Telangiectasia) is the predominantly acral
form of PSS or progressive systemic sclerosis (known as scleroderma) in which
narrowed lips turn to microstomia and opening the mouth becomes a real
problem. CREST syndrome features finger, facial, and oral telangiectasias
somehow similar to those of/in OWRS; yet, PSS patients have anti-centromere
antibodies, a finding not seen in OWRS/HHT.

2.Fabry syndrome or disease [28] may also manifest with multiple vascular lesions,
particularly diffuse full-body telangiectasias that do not blanch upon pressure, as
in OWRS/HHT; these telangiectasias and skin lesions begin in childhood and
increase (in number and anatomical locations) with age. Fabry syndrome or
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Anderson-Fabry disease or angiokeratoma corporis diffusum is a rare genetic (X-
linked, passed from parent to child) lysosomal storage disease (typically
associated with an enzyme deficiency in the metabolism of glycoprotein, lipids,
and fat) that can cause a range of systemic symptoms. This disorder leads to
excessive deposition of neutral glycosphingolipids in the vascular endothelium of
several organs, and progressive endothelial accumulation of glycosphingolipids
will account for associated anomalies of skin, eye (corneal whorls), the
peripheral nervous system, kidney, heart, and brain.

3.Mafucci syndrome [29] is a sporadic congenital disease featuring multiple
enchondromas (benign enlargements of cartilage) and deformities of metacarpal
bones and hand phalanges, multiple cutaneous spindle cell hemangiomas
(notably, small tongue hemangiomas) and lymphangiomas, and phleboliths.
Enchondromas of the digits are observed in childhood with hands and feet
becoming distorted. Etio-pathogenic cause remains unknown, and the risk of
sarcomatous (malignant) transformation of enchondromas, hemangiomas, or
lymphangiomas is about 15–30%.

4.OWRS should be differentiated from benign hereditary telangiectasis (genetic
tests).

5.Cherry angiomas (Campbell de Morgan spots) develop in more than 85–90% of
adults over 30–40 years old; these lesions may look similar but are less clustered
and more diffuse than of/in OWRS/HHT. Furthermore, those spots or moles [30]
do not increase in number with age. Briefly, cherry angiomas are round skin
growths that appear bright red in color (hence, “cherry”), and mostly develop on
the trunk or torso.

6.Spider nevi (also known as spider telangiectasias, spider angiomas, vascular
spider, or nevus araneus) may also mimic OWRS/HHT lesions [31]; they present
as a developmental malformation in children and adolescents, as multiple or
solitary lesions, and do not change during adult life. These vascular lesions
(characterized by anomalous dilatation of end vasculature) are a type of
telangiectasis found beneath the skin surface. These lesions, typically painless,
can be observed anywhere on the body, most common on the face, neck, and legs
(sun-exposed areas). However, having more than three spider angiomas is likely
to be an abnormality and is a physically- diagnostic sign of liver disease in adults
(seen in many alcoholics with liver cirrhosis).

3.4 Diagnostic workup and progrnosis

Diagnostic work-up— Recurrent and persistent severe bleeding episodes may lead
to an iron-deficiency anemia [26], as mentioned earlier, requiring regular blood work
(CBC: Complete blood count) with an assessment of Wintrobe indices (hematocrit,
MCV, MCH, MCHC) in order to measure quantitatively the red blood cell population,
serum iron, and the total iron binding capacity. In the case of a gastrointestinal
bleeding, a gastroscopy and a colonoscopy may be indicated by the attending physi-
cian. AVMs are obviously the most dangerous complication of OWRS/HHT; approx-
imately, 30% of patients will develop pulmonary AVMs, which usually develop during
puberty, and 10% will develop cerebral AVMs (which may be lethal). Screening for
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OWRS should also include a contrast echocardiography of the lungs and magnetic
resonance imaging/MRI of the brain. After confirming the diagnosis, angiography and
magnetic resonance angiogram/MRA scans are to be done in order to assess the AVMs.
Genetic counseling is strongly advised, and genetic testing is favored in families with
history of OWRS/HHT.

Prognosis of OWRS/HHT— relatively good although morbidity is significant. Life
expectancy may be shortened; however, this depends on the severity of symptoms and
the manifestations/complications of the disease, and the degree of systemic involve-
ment (especially hepatic, pulmonary, and central nervous system involvement).
Briefly, mortality shows an early peak at the age of 50 years and a later peak at 60–
80 years, this being related to acute complications [19, 20, 27]. Only, 10% of patients
die of complications. Patients with AVMs may experience early-onset stroke and brain
abscesses, and it is estimated that a mortality rate of 1–2% is due to complications
related to epistaxis, and it rises to 10% in patients with cerebral abscesses [32]. In
general, the disease prognosis remains good and acceptable as long as the bleeding
episodes are promptly identified and adequately controlled. OWRS/HHT is often
unrecognized by physicians and other health care providers, as emphasized earlier. In
2012, the HHT Foundation estimated that 9 out of 10 people with OWRS go
undiagnosed, and among individuals with un-diagnosed OWRS, 20% are
either disabled or die because healthcare providers failed to recognize and subse-
quently treat or manage the disease. If properly diagnosed, AVMs and complications
can be prevented.

3.5 Management and Rx

Management and Rx— OWRS/HHT are obviously not curable, yet, are manage-
able. Nowadays, it is worldwide accepted that no treatment is indicated other than
local hemostatic measures during the bleeding episodes. Currently-used “therapeutic”
protocols are essentially symptomatic, dealing with symptoms and signs rather than
the disease itself and knowing that no therapy is able to stop the development of
AVMs and telangiectasias. The following “therapeutic” modalities, deduced from
various resources, clinical case studies, and series, might be perhaps useful in the
management of OWRS:

1.Spontaneous bleedings are controlled by pressure packs (Ethicon surgical
dressing, for example), and particularly nasal bleedings. Packing of the nasal
cavity with absorbent swabs or gels is a very popular method and LASER
coagulation therapy [33] also works relatively well for nasal telangiectasias that
cause the nosebleeds.

2.Silver-nitrate (chemical cautery), electric cautery (hotwire or bipolar cautery), and
Nd: YAG laser pulse dye laser [34], or combinations of those techniques, are
prophylactically used by some clinicians in lesions that are more likely to bleed and
for the destruction of cutaneous and accessible mucosal lesions. Nasal coagulation
and cauterization may reduce bleeding (once the bleeding point is identified)
resulting from telangiectasias and is currently recommended before surgery is
indicated (often, several cauterization/coagulation sessions are needed).

3. If all interventions to stop epistaxis have failed, special procedures have to be
considered, such as septal dermoplasty, also known as Saunder’s procedure
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[35], in which skin is transplanted into the nostrils in order to replace the
involved mucosae and Young’s procedure [36] in which nostrils are completely
sealed off.

4.Corticosteroid nasal sprays, such as beclomethasone dipropionate (inhaled form is
used in the management of asthma), often reduce minor recurrent nasal bleeds.

5.Sclerosing agents (such as sodium morrhuate and sodium tetradecyl sulfate) can
be injected into OWRS/HHT lesions.

6.Lung lesions are currently managed by transcatheter embolization (blocking off
the feeding artery). Brain AVMs are managed with more than one modality
(surgical removal, embolization, or treating the affected area with radiation),
depending on location, size, and structure of the abnormal vessels.

7.Chronic and repeated epistaxis and GI bleedings often lead to severe anemia,
requiring iron supplements. Patients who cannot tolerate iron solutions or tablets
usually require administration of IV iron sucrose and blood transfusions if the
anemia causes severe symptoms that urgently warrant rapid recovery of the
CBC.

8.Other therapies, such as estrogen-containing creams, progesterone, and oral
tranexamic acid, were also suggested in the medical literature.

4. Dental aspects and implications of HHT

After epistaxis, oral bleeding is the second most frequent and annoying complaint
of ORWS/HHT patients. Though relatively uncommon, oral bleeding may be the
result of traumatic tooth brushing or after an inadvertent bite of the oral soft tissues or
following an oral surgical procedure [37–41]. In everyday general dental practice,
gingival bleeding upon oral debridement (scaling/root planning) and post-extraction
hemorrhage are a prime concern for dentists. Herein, drugs, such as aspirin and non-
steroidal anti-inflammatory drugs (diclofenac, ibuprofen, naproxen, etc… ) should be
strictly avoided due to the elevated risk of bleeding [15]. In very rare cases, a fatal
hemorrhage can happen after a dental or oral surgical procedure [37–44]. Regarding
the need for antibiotic prophylaxis before routine dental and oral surgeries (implant
placement, surgical extractions, biopsies, cysts, and tumors excision among others,)
there is no consensus yet, and to the best of our knowledge and expertise, some
patients with OWRS/HHT can develop brain and pulmonary abscesses following teeth
extractions in the absence of antibiotic prophylaxis [42–45]. These specific cases
confirm the importance of prevention of cerebral and pulmonary abscess with antibi-
otics in this specific group of patients, despite the absence of evidence of the indica-
tion to use antibiotic prophylaxis for OWRS/HHT in the scientific and clinical
literature [46]. According to several studies [9, 20], many patients with OWRS/HHT
need/require antibiotic prophylaxis before undergoing any dental/oral invasive pro-
cedure that may produce a bacteremia (oral debridement, extractions, biopsies, cyst
enucleation, implant placement, etc… ), and this issue is primarily due to problems
resulting from pulmonary AVMs, which obviously lack the capillaries to filter the
blood when passing through the lungs, thereby, allowing bacteria to travel to the
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brain. Indeed, vascular malformations and arteriovenous fistulae in the lungs play an
important role in the pathogenesis of a cerebral abscess, and it is known that a
peripheral septic microembolism is able to reach the brain and cause a brain abscess
[42]. Nowadays, the use of antibiotic prophylaxis preventively remains empirical for
OWRS/HHT dental patients; nonetheless, most dental clinicians prefer to implement
protocols before dental/oral invasive procedures in order to avoid the development of
a cerebral abscess. If a patient with OWRS/HHT was not tested properly to have the
diagnostics for AVMs, dental treatment should be mandatorily delayed until appro-
priate testing is done and completed [23, 42, 47]. Medication before dental/oral
invasive procedures is not necessary for OWRS patients who present with AVMs in
other organs but is mandatory for those with pulmonary AVMs that occur in approx-
imately a third of OWRS patients and may lead to many complications. Among those,
pulmonary hemorrhage, cerebral embolism, and hypoxia have been reported [48, 49].
Consequently, dentists must keep the dental chair in a vertical position during the
treatment sessions and be prepared, at any time, to administer oxygen [42]. OWRS/
HHT patients with severe anemia (hemoglobin level less than 10 mg/dL) better avoid
such invasive procedures as well as might exacerbate anemia, depending on the lost
amount of blood [50]. Regional analgesia of nerve trunks (such as the inferior alveolar
nerve) also should be better avoided due to the risk of bleeding (nerve accidental
trauma with the anesthetic needle), and, for the general anesthesia of dental patients,
nasal intubation is better be avoided.

Pharmaceutical note: As described earlier, epistaxis due to rupture of telangiectases
of the nasal mucosa is the most frequent clinical manifestation in OWRS/HHT
patients. Epistaxis leads, in many cases, to severe impairment of QoL, which is also
known to worsen with age, among other physiological, psycho-socio-economic factors
and lifestyle parameters. Daiana de Morais and group [51–54] investigated and
reported on more than 15 years of using several sub-mucosal or sub-pericondrial
treatments aimed at reducing epistaxis in OWRS/HHT patients. They have concluded
that sub-mucosal 1–2 mL injections of 0.5% polidocanol, also known as lauromacrogol
400 (Aethoxysklerol®, Kreussler Pharma, Ferrer Farma S.A, Spain), improved nose-
bleeds (in frequency and quantity) in 95% of all the cases studied (N=45 patients
diagnosed with OWRS/HHT based on the clinical Curaçao criteria; ~245–300 infiltra-
tions administered using 25-gauge needles in the septum or in the telangiectasia area,
at the ENT/Otorhinolaryngology unit of the Valladolid University Hospital in Valla-
dolid, Spain), without any significant side effects. The authors reported that the
average number of sclerosing infiltrations per patient was 5–6 in each nasal cavity.
They only administered the polidocanol injections in one nasal cavity and never bi-
laterally at the same time. Aethoxysklerol® as a sclerosant / anti-angiogenic has a
concentration-dependent effect on the endothelium of blood vessels, often used for
the treatment of treatment of varicose/spider veins and hemorrhoids. The active
sclerosan polidocanol, a solvent and non-ionic emulsifier that contains 95%
hydroxypolyethoxydodecane and 5% ethyl alcohol, has been described to form aggre-
gations of molecules (in micellar form), to act as a detergent and has been used as an
anaesthetic or an anti-pruritic in medicaments.

In a recent systematic review [55] of a total of 21 randomized controlled clinical
trials, the obtained data were pooled for qualitative- and meta-analysis. Treatments
included timolol, propranolol, bevacizumab, doxycycline, tacrolimus, estriol/estra-
diol, tranexamic acid, tamoxifen, sclerosing agent, electrosurgical plasma coagulation,
KTP laser, and post-operative packing. Interestingly, propranolol was concluded to
offer the most improved epistaxis severity score, when compared to placebo, followed
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by timolol. The analysis also showed that tranexamic acid significantly reduced the
frequency of epistaxis. Briefly, the authors concluded that propranolol, timolol,
tranexamic acid, tamoxifen, and estriol were effective for epistaxis management in
OWRS/HHT patients. The study also noted the potential post-therapeutic adverse
events and impact on QoL Herein, remember that lifestyle and dietary factors do
influence the severity of epistaxis. Indeed, while alcohol and salicylates such as red
wine, coffee, spices, and chocolate are reported in the literature to exacerbate epi-
staxis, room humidification and nasal lubrication can help improve the nose-bleeds
and the QoL of our OWRS/HHT patients.

5. Key points to note: Contemporary clinical and innovation summary

5.1 Bone-related manifestations

While the primary symptoms of OWRS/HHT typically involve the skin and
mucous membranes (nosebleeds, telangiectasias, and arteriovenous malformations),
the disorder can also affect other parts of the body, including the bones. Some of the
rare (or not so well-documented) and possible bone-related symptoms and manifes-
tations of OWRS/HHT may include Osteoporosis: Osteoporosis is a condition charac-
terized by reduced bone density and increased susceptibility to fractures due to the
weakening of bone tissue. OWRS/HHT can cause a decrease in bone mineral density,
leading to osteoporosis, which is characterized by weakened bones and an increased
risk of fractures. Avascular necrosis: Avascular necrosis is a condition in which bone
tissue dies due to a lack of blood supply, leading to bone collapse and joint damage.
The abnormal blood vessels in OWRS/HHT can affect blood flow to the bones,
potentially leading to avascular necrosis, a condition in which bone tissue dies due to a
lack of blood supply. Osteoarthritis: Osteoarthritis is a degenerative joint disease
characterized by the breakdown of cartilage and bones in the joints, resulting in pain,
stiffness, and loss of function. The abnormal blood vessels and inflammation associ-
ated with OWRS/HHT can contribute to the development of osteoarthritis, a degen-
erative joint disease that affects the cartilage and bones in the joints. Bone abscesses:
Bone abscesses are collections of pus within bone tissue, typically caused by bacterial
infection and characterized by pain, swelling, and localized inflammation. OWRS/
HHT can increase the risk of infections in the bone, leading to the formation of bone
abscesses. Pathological fractures: Pathological fractures are fractures that occur in
weakened or diseased bone, typically due to underlying conditions, such as osteopo-
rosis or bone cancer. Weakened bones and bone infections associated with OWRS/
HHT can increase the risk of pathological fractures, which occur when a bone breaks
due to an underlying disease or condition(s).

5.2 Innovations in OWRS/HHT research

There are several innovative approaches being explored to address OWRS/HHT
and its bone-related manifestations. While there is currently no cure for OWRS/HHT,
advancements in research and treatment options are helping to improve outcomes and
quality of life for individuals with the condition. Some of the key innovations in this
field include Targeted therapies: Researchers are investigating targeted therapies that
aim to block specific molecular pathways involved in OWRS/HHT, such as the vascu-
lar endothelial growth factor (VEGF) pathway. Drugs, such as bevacizumab (Avastin)
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and thalidomide (Thalomid) have shown promise in reducing bleeding and stabilizing
telangiectasias in some patients. Gene therapy: Gene therapy is a cutting-edge
approach that involves modifying a patient’s genetic material to correct a faulty gene
or introduce a functional gene. In the case of OWRS/HHT, researchers are exploring
the use of gene therapy to target the underlying genetic mutations responsible for the
disorder. Angiogenesis inhibitors: Angiogenesis inhibitors are drugs that prevent the
formation of new blood vessels. These drugs are being studied for their potential to
reduce bleeding and stabilize telangiectasias in patients with OWRS/HHT. Surgical
interventions: Surgical interventions, such as embolization or laser therapy, are used
to treat severe bleeding or arteriovenous malformations (AVMs) in patients with
OWRS/HHT. These procedures aim to block abnormal blood vessels or reduce blood
flow to affected areas. Stem cell therapy: Stem cell therapy is an emerging field that
holds promise for regenerating damaged tissues and organs. While still in the early
stages of research, stem cell therapy may offer potential benefits for individuals with
OWRS/HHT and bone-related manifestations by promoting bone repair and regener-
ation. Biologics: Biologics are a class of drugs derived from living organisms, such as
proteins or antibodies. Some biologics have shown promise in reducing inflammation
and tissue damage associated with OWRS/HHT and its bone-related manifestations.
Patient education and support: In addition to medical treatments, patient education,
and support play a crucial role in managing OWRS/HHT and its complications. Sup-
port groups and online resources can provide valuable information and support for
individuals with OWRS/HHT and their families. Furthermore, it is perhaps notewor-
thy herein that many of these innovations are still in the early stages of research and
may not be widely available. Additionally, the effectiveness of aforementioned treat-
ments can vary from person to person, and more research is needed to fully under-
stand their long-term effects and safety. However, these advancements offer hope for
improved outcomes and quality of life for individuals living with OWRS/HHT and its
bone-related manifestations. It is also perhaps mentioning that nanotechnology as well
can and will contribute to develop novel therapeutic strategies for such bone-related
manifestations of OWRS/HHT, offering several potential benefits, not limited to.
Drug delivery: Nanoparticles can be engineered to carry drugs or therapeutic agents
directly to bone tissue, enabling targeted treatment of bone-related complications,
such as osteoporosis or avascular necrosis. Bone regeneration: Nanomaterials can be
used to develop scaffolds or matrixes that promote bone growth and repair,
addressing bone defects or fractures caused by OWRS/HHT. Imaging: Nanoparticles
can be designed to enhance the detection and imaging of bone lesions, allowing for
more accurate diagnosis and monitoring of bone-related complications in patients
with OWRS/HHT. Theranostics: Nanotechnology can enable the development of
theranostic agents that combine therapeutic and diagnostic capabilities, offering a
personalized approach to the treatment of bone-related manifestations in OWRS/
HHT. Antiangiogenic Therapy: Nanoparticles can be engineered to deliver
antiangiogenic agents directly to abnormal blood vessels associated with OWRS/HHT,
potentially reducing the risk of bleeding and stabilizing telangiectasias. While nano-
technology holds great promise for addressing various medical conditions, extending
to tackling the complex bone-related manifestations of OWRS/HHT by providing
targeted and personalized therapeutic options, it is nonetheless important to note that
many of these applications are still in the early stages of research, development, and
innovation and more studies are needed to fully understand their effectiveness and
safety in clinical settings, topics of ongoing investigation at our BioMAT’X I + D + i
(HAiDAR R&D&I) Lab at Universidad de los Andes in Santiago de Chile.
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6. Conclusions and perspective

OWRS is a multisystem disorder. It is manageable but obviously not curable. The
symptoms of OWRS/HHT are often unrecognized; hence, many patients, even those
with affected and diagnosed family members, may go un-diagnosed. Clinical diagno-
sis, typically, is based on the presence of three of four criteria: epistaxis, telangiecta-
sias, visceral arteriovenous malformations, and/or a family history of the disease.
Many patients do not need any treatment, and those who need intervention, typically,
are those who suffer from regular and severe epistaxis. Most importantly, to limit the
morbidity and mortality associated with OWRS/HHT, its manifestations, and compli-
cations, some of which can be lethal recommendations for diagnostic screening, mon-
itoring, and proper management of signs and symptoms have been created. Such, if
implemented, have contributed to the prognosis (and survival) of OWRS/HHT. This
article attempted to provide the health care personnel, attendants, and professionals,
particularly those involved in the dental and cranio-maxillo-facial field (as potentially
the front liner or first to detect the present vascular changes/malformations intra-
orally and facially and aid in diagnosis) with a concise yet comprehensive review (and
guide) of the condition, its clinical presentation, and management strategies, most of
which are palliative. Indeed, medical intervention in OWRS/HHT depends on the
severity of its manifestations and stage of the condition and its accompanying com-
plications. Remember, oral lesions, which later become obvious through hemorrhagic
telangiectasia, are often the first sign of this disease. Further, TMJ (temporomandib-
ular joint) dislocation has been associated with OWRS/HHT. Also and generally, the
disease/condition depends on the age of the patient. To control epistaxis, surgical
intervention is becoming routine. Hemostatic cautery (and skin grafting) procedures
have been reported as well with good results; specifically, to reduce long-term oral
bleeding. The dentist (and dental hygienist) is to be cautious when attending patients
with pulmonary and cerebral AVMS given their high risk of developing abscesses
from dental bacteremia, post-routine, and/or invasive oral, dental, and periodontal
procedures. On the other hand, despite the constantly accruing advances in under-
standing the underlying signaling and genetic mutation mechanisms (evident by the
recent discovery that OWRS/HHT is a disease of the BMP9/10 pathway rather than a
disease of the TGF-ß pathway, as was initially thought for decades), the rare OWRS/
HHT continues to pose a perplexing challenge to medicine, pathologists, and biolo-
gists, rendering the need for more studies and analysis. Yet, on an optimistic closing
note, innovative mechanism-driven pharmaceuticals can be someday anticipated to be
designed, formulated, characterized, evaluated, optimized, and translated to
the clinic.
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Chapter 5

Elevated Non-fasting Plasma Total 
Homocysteine Level is Associated 
with Alveolar Bone and Tooth Loss: 
Insights for Osteogenic Innovations
Ziyad S. Haidar

Abstract

Tooth loss can cause functional impairment, in terms of chewing/mastication abil-
ity and choice of foods/diet, leading to malnutrition, which might ultimately impact 
general health and well-being. No studies on homocysteine (Hcy), an inflammatory 
sulfur-containing amino acid biomarker, levels, and tooth loss (or number of remain-
ing teeth), are present. This study opted to obtain data from the available National 
Health and Nutrition Examination Survey III (NHANES III) and perform statistical 
analysis to investigate the association between tooth loss and tHcy (plasma/serum 
levels), with a focus on the elderly population. Acquired data for 1568 individuals 
aged 65 years or older were then tabulated, to detail. Age, gender, cholesterol, income, 
education, exercise, creatinine, systolic blood pressure, body mass index, and dental 
state were each found to be independently associated with tHcy. In a multiple regres-
sion model, only age (ρ < 0.0001), education (ρ < 0.0001), creatinine (ρ < 0.0001), 
and dental state (ρ < 0.003) were significantly associated with tHcy, explaining 22% 
of the variation detected in log-[tHcy]. Plasma Hcy levels in patients are associated 
with dental status and can be notably affected with oro-dental health, socioeconomic 
status, and access to therapeutic interventions. Considering these findings, tHcy level 
monitoring (to diagnose vitamin B6, B9/folate/folic acid or B12 deficiency) as well 
as nutritional counseling and vitamin supplementation (rechecked post-8 weeks) 
should be considered and incorporated into the diagnostic and treatment plan for the 
edentate/edentulous elders, especially if other cardiovascular or inflammatory risk 
factors are present. In the context of osteogenesis and oral health, research exploring 
the relationship between elevated Hcy levels and alveolar bone, and tooth loss can 
provide valuable insights into the underlying mechanisms of bone metabolism and 
dental health. Understanding how Hcy levels impact bone density, bone remodeling 
processes, and periodontal health can potentially lead to the design, innovation, 
development, and translation of novel therapeutic approaches and preventive strate-
gies for osteoporosis, periodontal disease, as well as tooth loss.

Keywords: edentulism, diet, dentition, geriatric, homocysteine, innovation, 
socioeconomic status, OHRQoL
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1.  Introduction

According to the US-CDC (Centers for Disease Control and Prevention, the 
national public/federal health agency of the United States under the Department 
of Health and Human Services, headquartered in Atlanta, Georgia), about 1 in 6 
(17%) adults aged 65 or older have lost all their teeth (Figure 1). Thus far, the two 
most prevalent oral diseases and causes of tooth loss continue to be caries/decay and 
periodontal disease. Also, more than 1 in 3 adults aged 65 or older who were from the 
low-income group, had less than a high school education and were smoking cigarettes 
(2011–2016) lost all their teeth/dentition. Severe tooth was found to be 50% higher 
in those with fair or poor general health status suffering from asthma, heart disease, 
diabetes, liver conditions, emphysema, rheumatoid arthritis, and with a history of 
stroke, when compared to people without these chronic conditions. Indeed, it is today 
well recognizable that tooth loss and severe tooth loss affect Oral Health-Related 
Quality of Life (OHRQoL), overall QoL, well-being, successful/comfortable aging, 
and longevity [1, 2]. All of these factors are thought to be closely associated with the 
quality of the diet [3]. Further, it is well established that socioeconomic status affects 
diet and, consequently, QoL and OHRQoL, especially in older people (ρ low intake 
of certain types of foods, nutrients, and minerals). Logically, a poorer diet (quality) 
often costs less, and while it might be more energy-dense, and it is often more nutri-
ent-poor [2]. In 2019, Nakamura et al. [4] conducted a cross-sectional analysis of data 
from 2049 Japanese individuals aged ≥50 years, concluding that having a few/fewer 
remaining teeth was associated with a low nutrient intake and low serum albumin lev-
els, evident in individuals from the low socioeconomic group (with annual household 
income of <2 million Japanese yen: estimated at ~14,500 USD; equivalent household 
expenditure per month). The study emphasized the importance of promoting oral 
and dental health (as well as dietary strategies) in low-income, middle-aged, and 
older people to help sustain an adequate nutritional status [4].

Figure 1. 
Geriatric oral health and tooth loss. CDC correlation between tooth loss and socioeconomic factors in the elderly 
(TOP). Dentition loss classification and traditional treatment options for rehabilitation (BOTTOM-left). 
Analytical data source: US-CDC/NCHS and laboratory testing included in NHANES III (BOTTOM-right).
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Further, severe loss of teeth, particularly complete edentulism, has been associ-
ated with the reduced/diminished ability to properly chew/masticate foods (hence 
leading to a preference for easy-to-consume/-swallow diet that is often richer in 
fat or dairy products), with poor general health and increased mortality, even 
when socioeconomic factors are taken into account [5]. Edentulism has indeed 
been linked to an increase in the prevalence of coronary disease [6, 7], stroke [8], 
dementia [8, 9], cancer [5], and diabetes [10]. Indeed, almost two decades ago, 
Joshipura et al. [11, 12] tackled this nutritional state link and found that the average 
intake of dietary fiber, vegetables, and fruits decreased with the loss of teeth, not-
ing that in parallel, the consumption of calories and saturated fat increased. Similar 
findings have been reported by other authors and studies [3, 4, 13, 14]. Therefore, it 
can be stated herein that the impact on QoL and OHRQoL of disease as well as oral 
and dental rehabilitation (Figure 1) and its termed (short vs. long) consequences 
should be taken into consideration when assessing the overall health status and 
evaluating the clinical outcomes of therapeutics.

Herein, with recent advances in diagnostic technologies and multi-disciplinary 
strategies, there is accruing evidence that inadequate intake of certain nutrients, even 
at a level insufficient to cause classical deficiency syndromes, is linked to cardiovas-
cular disease, neural tube defects, and cancer [15]. For example, plasma homocysteine 
(tHcy), a sulfur-containing amino acid (Figure 2), found to be increased/elevated 
in various inflammatory conditions, can be considered as a functional (inflamma-
tory) biomarker of the nutritional status and a novel and independent risk factor for 
cardiovascular disease, among others. This is due to the fact that total plasma homo-
cysteine concentration (tHcy) varies with the intake of the group B vitamins, namely 
folate/folic acid, B12, and B6 [16], making it sensitive to metabolic changes accord-
ing to or dependent on the intake of fresh fruit, vegetables, and meat [17]. Indeed, 
higher tHcy levels are associated with increases (risk) in cardiovascular disease, as 
mentioned earlier, in addition to peripheral artery disease, deep vein thrombosis, 
renal disease, dementia, and cognitive dysfunction in the elderly [18–20]. For 
instance, tHcy >14.4 μmol/L is now associated with twice the risk of carotid stenosis 
when compared with low plasma homocysteine (< 9.1 μmol/L), after correction for 
other factors [21]. In addition, to simplify to the reader, it has been estimated that 
an increase in tHcy of 1 μmol/L is associated with a 10% increase in risk of cardio-
vascular disease [22]. Furthermore, tHcy levels have been correlated with other risk 
factors and major lifestyle determinants, including gender (male), age, smoking, and 

Figure 2. 
Homocysteine. Hcy molecular structure, mechanistic pathway, and its role in patient overall health, general   
well-being, and quality of life (QoL).
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consumption of coffee [18]. An evident association with chronic periodontitis (as an 
inflammatory disease) was recently demonstrated in otherwise systemically healthy 
individuals. For example, in a case-control hospital-based study involving 85 age- and 
sex-matched subjects with chronic periodontitis and 91 healthy controls, elevated 
tHcy was observed in patients/cases [23]. In another recent longitudinal case-control 
clinical study [24], with a total of 60 patients, tHcy levels (measured by high-per-
formance liquid chromatography analysis) were compared at baseline and 12 weeks 
post-periodontal (non-surgical) therapy. Interestingly, the mean levels of plasma 
Hcy were found to be low in the control group, whereas found to be higher in the test 
group, at baseline [24]. Both tHcy levels and all the detected periodontal parameters 
were reduced significantly, after intervention, yet were not reduced in cases to levels 
comparable to controls/periodontally healthy individuals [25]. Nonetheless, for 
patients at high risk of cardiovascular diseases, for example, periodontal therapy can 
perhaps be a useful or helpful Hcy-lowering adjunct procedure, worthy of appraisal, a 
topic of current research, development, and innovation.

As depicted in Figure 2, and recently reported by Debreceni and Debreceni [25], 
the group B vitamins do play an essential role in the Hcy metabolism pathway (trans-
formation and excretion: trans-methylation reactions forms Hcy ρ oxidized biomol-
ecule bound to plasma proteins ρ which is then re-methylated back to methionine 
or is converted into cysteine in trans-sulfuration reactions). For instance, the re-
methylation reaction requires, among others, vitamin B9 as substrate and vitamin B12 
as a co-factor, hence why Hcy can be considered a functional marker for the systemic 
availability of B9 and B12 [26]. In an edentulous patient, it can be stated that despite 
advances in rehabilitation, prosthodontics, and dentures, and given ample limitations 
or hurdles (such as functional/esthetic expertise, availability/accessibility, and cost 
issues), masticatory/chewing ability is not yet fully or adequately restored. Indeed, a 
2018 randomized, cross-over, and double-blinded clinical trial [27] compared, through 
masticatory tests and a questionnaire, the feeling of retention, stability, and accumula-
tion of particles below the removable denture (complete) among patients with and 
without adhesives, hypothesizing that the use of adhesives for enhanced retention 
stability does not increase patient satisfaction with their dentures [27]. Such studies 
aiming to promote patient experience and satisfaction with removable dentures as a 
decisive factor in therapeutic or rehabilitative success (with a clear impact on OHRQoL 
and QoL), continue, especially in low socioeconomic populations, with limited to no 
access to superior implant-supported overdentures [28–30], for example, which have 
reported significant improvements in masticatory ability and improved nutritional 
state, yet, to the best of knowledge no studies have investigated correlations with tHcy 
levels. Further, despite accruing reports focusing on periodontal diseases, none on 
tooth loss and tHcy were found in the available literature ρ Nakamura et al. [4] inves-
tigated serum albumin and hemoglobin levels as the nutritional biomarkers associated 
with the number of teeth – in quadrants), thus triggering the present analysis.

Herein, data from the National Health and Nutrition Examination Survey 
III (NHANES III), an accessible and readily available program of health-related 
studies (one of a series conducted by the CDC and its National Center for Health 
Statistics or NCHS – oversampling GIS Data/FTP file server; can visit survey 
methods, sample design, datasets, weighing procedures, analytical guidelines and 
related documentation at the US Department of Health and Human Services and/
or the CDC/NCHS-NHANES (Figure 1) combining interviews/questionnaires and 
physical/clinical/laboratory examinations, designed cross-sectionally to assess the 
health and nutritional status of adults and children (random sampling selection) 
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in the United States, representative of the non-institutionalized civilian population, 
was employed to test the hypothesis that tooth loss and edentulism associated with 
elevated serum homocysteine concentration, in the elderly (> 65 years).

2.  Materials and methods

Using the SAS Universal Viewer (SAS Institute Inc., NC, USA), data from male and 
female individuals of all races who were 65 years or older were included in the analy-
sis, as well as factors known to influence tHcy: age (years), gender (male, female), 
smoking status, alcohol consumption, serum creatinine levels (mg/dl), total choles-
terol (mg/dl), systolic blood pressure (mmHg), socioeconomic status (represented 
by education and income), coffee consumption, exercise, body mass index (kg/m2), 
and dental status. Because our hypothesis was that elevated tHcy might be caused by 
wearing dentures, the dental status has opted to be defined as binary or dichotomous: 
teeth in both arches versus no teeth in at least one arch. Definitions of smoking status, 
alcohol and coffee consumption, education, income, and exercise are obtainable in 
the ‘APPENDIX’.

2.1  Statistical analysis

First, linear regressions of the continuous dependent variable log[tHcy] were 
 carried out on each of the identified potential predictors. Three highly skewed 
variables – tHcy, creatinine, and income – were logarithmically transformed before 
inclusion into the statistical examination, analysis, and interpretation. Subsequently, 
forward selection was employed to construct a multiple linear regression model for 
log[tHcy] using only those independent variables that were found to be significant in 
the performed univariate analysis. For sensitivity analysis, the model was also fitted 
using backward selection, resulting in reassurance that both model-building strate-
gies lead to the same model.

3.  Results

The Third National Health and Nutrition Examination Survey (NHANES III) 
provided data on 2445 males (47%) and 2807 females (53%). Table 1 summarizes the 
basic characteristics of the study population. Note that information on the dental state 
was only available for 1568 subjects. The mean age of those surveyed was 75.7 years, 
with an average income of $23,200 and less than 10 years of formal education. Mean 
body mass index (BMI) was 26.6 kg/m2 (males = 26.1 kg/m2; females = 26.9 kg/m2). 
The table also describes the mean concentrations of cholesterol and creatinine (mg/
dl) and mean systolic blood pressure (mmHg). Herein, the variables found to be sig-
nificantly related to log[tHcy] in the single variable analyses, which used all available 
observations for each co-variate, were age (ρ < 0.0001), gender (ρ < 0.0001), choles-
terol level (ρ = 0.0092), exercise (ρ < 0.0016), dental state (ρ < 0.0001), log [creati-
nine] (ρ < 0.0001), log of income (ρ < 0.0001), education (ρ < 0.0001), body mass 
index (ρ = 0.006), and systolic blood pressure (ρ = 0.0393), as displayed in Table 2. 
Our forward selection model-building strategy selected only age, education, blood 
creatinine, and dental state as being significantly associated with log[tHcy]. After 
exponentiating the model for log[tHcy] to obtain a model for tHcy, the regression 
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coefficients were interpretable as a multiplicative effect on tHcy. For every year 
increase in age from 65, homocysteine levels increase by 0.6%, and a single additional 
year of education was associated with a 1% reduction in tHcy. As expected, higher 
levels of creatinine were associated with increased homocysteine levels (ρ < 0.0001). 
Finally, lacking teeth in at least one arch was associated with a 5% increase in tHcy 
(ρ = 0.003). The amount of variation in log[tHcy] explained by the model was 
R2 = 0.22 or 22% (high-level/↑), as illustrated in Table 3. When teeth were present 
in both arches, tHcy was 11.7 ± 0.2 μmol/l (mean ± standard error). In contrast, the 
mean level in those lacking teeth, in at least one arch, was 12.7 ± 0.2 μmol/l. Missing 
teeth may exhibit a dose-response paradigm. While the difference was not statisti-
cally significant (ρ = 0.15), those missing teeth in only one arch had mean levels of 
12.2 ± 0.4 μmol/l, whereas those missing all teeth had mean levels of 12.9 ± 0.3 μmol/l. 
Herein, the prevalence of hyperhomocysteinemia (> 14 μmol/l) was 20.1% ± 0.55% 

Predictor ß ρ-value

Smoke cigarettes 0.0297 0.34

Age (y) 0.010 <0.0001

Gender (male) 1.75 <0.0001

Log income (poverty ratio) −0.081 <0.0001

Education (y) −0.0.0098 <0.0001

Log creatinine 0.66 <0.0001

SBP (mmHg) 0.00096 0.0393

Cholesterol (mg/dl) −0.00054 0.0092

Exercise 0.071 0.00016

Drank alcohol in the last month 0.00044 0.983

Coffee −0.00005 0.829

Edentate in at least one arch 0.096 <0.0001

Table 2. 
Performed univariate analysis of tHcy predictors.

Percentile

Variable N Mean Standard Error 5th 25th 50th 75th 95th

Age (years) 5252 75.74 0.10 65 70 75 81 88

BMI (kg/m2) 4461 26.6 0.078 19.2 23.0 26.0 29.4 35.7

Education (years) 5171 9.46 0.06 0 7 10 12 16

Poverty income ratio 4493 2.32 0.03 0.58 1.09 1.77 3.00 6.07

Cholesterol (mg/dl) 4178 220.07 0.70 151 189 217 246 296

Creatinine (mg/dl) 4089 1.22 0.01 0.8 1 1.1 1.3 1.8

SBP (mmHg) 4082 142.88 0.32 113 129 141 155 179

Homocysteine (μmol/L) 1723 12.23 0.16 6.3 8.7 10.8 13.9 22.2

Table 1. 
NHANES III population characteristics.
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(ρ ± standard error) in those elders with teeth in both arches, 25.3% ± 1.3% in those 
with teeth in only one arch, and 29.3% ± 0.9% among the completely edentulous.

4.  Discussion

Homocysteine is an amino acid found in the blood, and elevated levels of 
 homocysteine have been linked to various health issues, including cardiovascular 
disease, neurodegenerative disorders, and bone health problems. Herein, the results 
of this analytical study of the NHANES III database indicated that lacking all teeth in 
at least one arch is significantly associated with higher plasma homocysteine levels in 
people over 65 years. To the best of my knowledge, these findings are the first to link 
edentulousness with a nutritional bio-indicator of systemic health risk. We also found 
that plasma total homocysteine concentration (tHcy) is negatively associated with the 
level of education and confirmed that increasing age and plasma creatinine levels are 
associated with increased tHcy [18]. As described earlier, studies in the general popu-
lation have revealed that people with tHcy levels between 0 and 6.3 μmol/L (38% of 
the population) are in the lowest risk category for coronary artery disease. Those with 
levels of 6.3–10 μmol/L (52%) are at moderate risk, while the 10% with the highest 
risk have tHcy >10 μmol/L. Based on this scale, only 5% of our study population are 
low risk while 50% are at high risk, with the edentulous being the most vulnerable. 
It has been postulated before that the increased risk of arterial disease and its conse-
quences is mediated through the many adverse effects of Hcy on the arterial wall and 
on the coagulation cascade [31]. If this is true, an intervention that reduces plasma 
homocysteine could have a strong effect on health, survival, aging, and longevity. 
Implant overdentures are a good candidate worthy of further investigation in this 
direction. Indeed, although dentures partially restore appearance and function, it has 
long been accepted that they are still inadequate replacements for natural dentition 
[28–30]. Almost two decades ago, Hung et al. [32] studied the relationship between 
tooth loss and changes in the consumption of fruits, vegetables, and nutrients in a 
large group of male health professionals. They found that those who lost five or more 
teeth had a significantly greater consumption of poly-unsaturated fat and were also 

A. Predictor ß ρ-value

Age (years) 0.0057 <0.0001

Education −0.0098 <0.0001

Log creatinine 0.63 <0.0001

Edentate in at least one 
arch 0.22)

0.052 0.003

B. Dentition Status N Percentage (standard error) of 
hyperhomocysteinemia >14 μmol/L

Mean (standard 
error) μmol/L

Completely edentate 498 29.3% (0.9) 12.9 (0.3)

Edentate in one arch 217 25.3% (1.3) 12.2 (0.4)

Present teeth 853 20.4% (0.5) 11.7 (0.2)

Table 3. 
Performed multivariable analysis of tHcy predictors (A) and the distribution of tHcy levels according to dental 
status and present teeth (B).
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more likely to stop eating apples, pears, and raw carrots (harder to chew). They also, 
in this JADA report, noted a temporal association between tooth loss and detrimental 
changes in dietary intake. Evidence from other investigations also supported the 
observations [23, 24]. Edentulous individuals, therefore, exhibit clear changes in food 
selection patterns that negatively affect nutrition. This change in diet is a plausible 
explanation for the effect of a significantly higher plasma homocysteine in the 
edentulous subjects. Both folate and vitamin B6 are found in fruits and vegetables, 
vitamin B12 is present mainly in meat, and plasma homocysteine rises if these foods 
are deficient in the diet, as mentioned earlier and evident in the performed analysis. 
Importantly, the number of people who have lost all of their teeth (by age 65) remains 
shockingly high in many countries, according to the WHO, which previously reported 
26% in the United States, 30% in Canada, and 46% in the United Kingdom. While the 
incidence has been declining over the last 30 years, the total number of edentulous 
cases can be expected/projected to continue to rise for many years to come. Indeed, 
in a report on the future needs for fixed and removable partial dentures in the United 
States, Douglass and Watson estimated that the need for dentures will increase to 37.9 
million in 2020 [33]. It is therefore reasonable to recommend providing this sub-
group of patients with better/superior dental prostheses that could aid and facilitate 
an increased masticatory efficiency, which in turn leads to significant improvements 
in diet and nutritional state, and thus better OHRQoL and QoL.

5.  Conclusion

Research on the association between elevated homocysteine levels and alveolar 
bone and tooth loss holds significant promise for advancing our understanding of 
bone metabolism and oral health, and it has the potential to drive innovation in 
osteogenesis and dental care in the coming years [34–39]. Diet, and its nutritious 
quality, is closely related to overall health and general well-being, particularly in the 
elderly. Poor oral and dental health is associated with low intake of certain types of 
foods, which can often be due to severe loss of teeth and reduced chewing ability. 
Indeed, while chronic diseases, such as dental caries and periodontal diseases, are also 
still highly prevalent and further exacerbated by poor food choices, the risk of tooth 
loss in old age is rendered higher and alarming, requiring rehabilitative intervention. 
Demand for care is functional, esthetics, and now, associated with risk for systemic 
and life-threatening diseases. This analytical study revealed that tooth loss and being 
edentulous are significantly associated with high levels of serum homocysteine, a risk 
factor for cardiovascular diseases, among others. Elevated homocysteine levels may 
increase the risk of coronary disease as well as dementia, stroke, and cancer. In light 
of these new findings, homocysteine monitoring may be invaluable for the geriatric 
edentulous patient receiving the best possible rehabilitative and prosthodontic/pros-
thetic care, combined with paying attention to dietary intake, nutritional profiling/
counseling, and recommending vitamin (B-complex: vitamin B6, B9/folate/folic acid 
and B12, if deficient, and recheck after every 8 weeks) supplements.

6.  Closing remarks

The association between elevated non-fasting plasma total homocysteine levels 
and alveolar bone and tooth loss is indeed an important topic and note-worthy 
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research theme for potential innovations in osteogenesis in the current year of 2024. 
Indeed, in the context of osteogenesis and oro-dental health, research exploring the 
relationship between elevated homocysteine levels and alveolar bone and tooth loss 
can provide valuable insights into the underlying mechanisms of bone metabolism 
and dental health (including alveolar bone and dentition loss). Understanding how 
homocysteine levels impact bone density, bone remodeling processes, and periodon-
tal health can potentially lead to the development of new therapeutic approaches 
and preventive strategies for osteoporosis, periodontal disease, and tooth loss. 
Furthermore, innovations in osteogenesis may involve novel interventions targeting 
homocysteine metabolism to promote bone regeneration and prevent bone loss. This 
could include the development of pharmacological agents, dietary interventions, and 
personalized treatment approaches aimed at optimizing homocysteine levels and 
improving bone health outcomes.
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Appendix A

A.1 Defining the NHANES study variables for present statistical analysis

Smoking status was defined by the binary NHANES variable HAR3, indicating 
whether the subject smoked cigarettes (at the time), or not. Alcohol consumption was 
derived from variables HAN6HS, HAN6IS, and HAN6JS. These variables recorded 
how many drinks of beer, wine, and liquor, respectively, the subject had drunk in the 
past month. Our derived binary variable simply indicated whether the subject had 
reported drinking any alcoholic beverages during the past month or not. To examine 
the socioeconomic status, we looked at education and income separately. Education, 
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defined by the NHANES variable HFA8R, represented the total number of years of 
education and varied from 0 to 17. Income was analyzed using the variable DMPPIR, 
which represented the poverty income ratio and was computed by dividing the 
observed family income category by the poverty threshold. The poverty income ratio 
was preferred to family income because it allows a valid comparison of the families 
surveyed during/over the different years. Because this variable was highly skewed, 
and some individuals had a poverty income ratio of zero, our income variable was 
defined as log (DMPPIR+1). Coffee consumption, defined by the NHANES variable 
HAN6FS, reflected the reported number of cups of coffee consumed per month. 
Physical exercise was, herein, defined by the variables HAT2, HAT4, HAT6, HAT8, 
HAT10, HAT12, HAT14, and HAT16. Each of these variables recorded whether the 
subject had engaged in a specific type of activity (for example, jogging, cycling, 
swimming, and/or gardening) during the past month. Our composite exercise vari-
able simply recorded whether the subject had answered yes to at least one of these 
activities. The body mass index, defined by the variable BMI, is simply an individual’s 
weight in kilograms divided by his or her squared height in meters. Finally, the tooth 
loss variable was set to binary. Subjects were considered to be edentulous, if they were 
missing all of the teeth in one entire arch (or in both arches).

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Phyto-nanoparticles derived from plants are an emerging class of nanomaterials 
that integrate the versatility of nanotechnology with the therapeutic potential of 
botanical ingredients. This chapter explores the utility of phyto-nanoparticles in 
stimulating osteogenesis for applications in bone tissue engineering and regeneration. 
Plant extracts serve as sustainable nanoparticle building blocks or coatings through 
green synthesis approaches. Resultant phyto-nanoparticles possess multifunctional 
capabilities stemming from the bioactive phytochemical components that enable the 
modulation of osteogenic cells like mesenchymal stem cells and osteoblasts. Diverse 
phyto-nanoparticles based on green tea, aloe vera, curcumin, and other plant deriva-
tives have demonstrated the ability to enhance osteoblast differentiation, prolifera-
tion, and mineralized matrix deposition. Proposed mechanisms encompass direct cell 
interactions, sustained intracellular delivery of osteogenic drugs, and complementary 
anti-inflammatory effects. Capitalizing on these osteogenic properties, researchers 
have designed innovative tissue engineering scaffolds, functionalized bone implants, 
and developed therapeutic carriers for diseases like osteoporosis using phyto-
nanotechnology. Further innovations in fabrication strategies and integration with 
emerging technologies will realize smarter, personalized plant-based nanosystems to 
advance bone regeneration capabilities dramatically.

Keywords: phyto-nanoparticles, osteogenesis, bone tissue engineering, green 
synthesis, mesenchymal stem cells

1.  Introduction

Nanotechnology is a boundless frontier where science and engineering merge to 
revolutionize the manipulation and fabrication of materials and devices on a minus-
cule scale, a billionth of a meter [1]. One prominent arena in which it has permeated is 
medicine, giving rise to nanomedicine, which has endless possibilities in diagnostics, 
drug delivery, bone, and tissue regeneration. Nanomedicine utilizes the advancement, 
composition, assessment, and utilization of nano-sized materials and devices to 
detect and treat various illnesses—from cancer to heart disease to neurological disor-
ders [2]. Nanoparticles can interact specifically with cells and tissues at the molecular 
level to provide accurate, potent, and long-lasting diagnoses and therapies.
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Bone has an innate capacity to regenerate following trauma or disease. However, 
this self-healing ability is limited to minor defects and often fails for critical 
segmental losses arising from fracture nonunion, tumor resections, and skeletal 
abnormalities. Osteogenesis mediated by osteogenic cells drives bone healing and 
regeneration [3]. Mesenchymal stem cells (MSCs) stimulated by osteoinductive 
signals can differentiate into osteoblasts, representing the critical bone-forming 
cell population. Osteoblasts produce extracellular matrix proteins like collagen I 
and osteocalcin, constituting the organic matrix. Calcium deposition then forms 
mineralization and complex tissue formation [4]. Incorporating osteogenic cells 
with supportive biomaterial scaffolds enables engineered bone graft substitutes that 
integrate seamlessly with host vasculature and tissues after implantation. Beyond 
functioning as mechanical supports, biomaterial matrices provide biophysical and 
biochemical cues that direct survival, proliferation, and differentiation [5]. However, 
clinical translation needs to be improved by non-optimal scaffold properties, lead-
ing to poor cell integration and vascularization. There is tremendous scope for novel 
nanotechnology solutions to address these limitations in scaffold design [6]. Studies 
have shown that various nanoparticles, including hydroxyapatite, metallic, and rare 
earth nanoparticles, can support bone growth and enhance the osteogenic differentia-
tion of mesenchymal stem cells [7]. Additionally, researchers have been investigating 
nanocomposite scaffolds, nanofibers, and nanoparticle-modified polymeric materials 
to improve tissue engineering scaffolds’ physical and chemical properties, ultimately 
improving osteogenesis [8].

Phyto-nanoparticles are an emerging class of nanoparticles synthesized from 
bioactive phytochemical (plant-derived) compounds. Ranging from 1 to 100 nm in 
size, these plant-inspired nanomaterials integrate the physicochemical versatility 
of nanoscale materials with the vast compositional diversity and therapeutic utility 
of botanical ingredients [9]. Phyto-nanoparticles encompass nanomaterials derived 
from edible and medicinal plants, including herbs, fruit and vegetable crop produce, 
and general botanicals. Phytochemicals are the primary building blocks or func-
tionalizing coatings for engineering nanoparticle architectures through bottom-up 
self-assembly and surface modification strategies [10].

2.  Materials and methods: Literature review and reference selection

This chapter on “Phyto-Nanoparticles in Osteogenesis” was meticulously 
 assembled through a comprehensive literature review using various scientific data-
bases, including PubMed, Scopus, and Web of Science. Search terms used involved 
combinations of keywords such as “phyto-nanoparticles,” “osteogenesis,” “bone 
regeneration,” “green synthesis,” and “plant extracts.” The initial search produced 
a substantial number of research articles, which were subsequently screened for 
relevance, with a preference for studies published within the last 5 to 10 years to 
ensure the inclusion of the latest research developments. Additionally, significant 
consideration was given to the impact factor of the journals to prioritize high-quality, 
peer-reviewed sources such as original research articles, review papers, and book 
chapters. The selected references were thoroughly examined to extract critical data 
concerning the types of phyto-nanoparticles, their synthesis methods, mechanisms of 
action, and applications in bone tissue engineering and regeneration. The chapter is 
structured to offer a detailed overview of the subject, beginning with an introduction 
to phyto-nanoparticles and their benefits. This is followed by an in-depth discussion 
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on various phyto-nanoparticles, detailing their synthesis, properties, and roles in 
bone regeneration. References are meticulously integrated throughout the chapter to 
bolster the information presented and guide readers to further detailed resources for 
expanded research.

3.  Phyto-nanoparticles

Phyto-nanoparticles, synthesized from plant extracts, have garnered considerable 
attention for their distinctive properties and wide range of potential uses in fields 
such as medicine, agriculture, and food production. These nanoparticles are envi-
ronmentally friendly and cost-effective, and their scalability adds to their appeal as 
a method for synthesizing metal and metal oxide nanoparticles [11]. A multitude 
of methods are utilized for their synthesis. One such method is phytosynthesis, 
where plant extracts are employed as both environmentally friendly reducing and 
capping agents to create metal oxide nanoparticles [12]. Another approach is green 
synthesis, which harnesses plant extracts, fungi, and algae biomolecules to produce 
nanoparticles. Biogenic synthesis is highly regarded for its environmentally friendly 
nature, cost-effectiveness, and potential for easy scalability [9, 13]. Another approach 
to producing nanoparticles is through seed-mediated synthesis, which utilizes plant 
seeds. For instance, nanoparticles have successfully been synthesized using fenugreek 
seed extract [14]. Additionally, the Microwave-assisted method leverages microwave 
technology to expedite the synthesis of nanoparticles using plant extracts [15]. 
Ultrasonication involves accelerating nanoparticle synthesis using plant extracts 
[16]. The FDA has classified plant-based nanoparticles as generally recognized as safe 
(GRAS) and biodegradable, making them superior to other nanoparticle options for 
several reasons. They have lower toxicity levels and possess beneficial qualities such 
as greater energy efficiency and antioxidant, antifungal, antibacterial, and anticancer 
properties. The use of plant extracts to produce these nanoparticles is believed to 
contribute to these advantageous properties [17].

3.1 Phyto-nanoparticles in biomedical applications

Phyto-nanoparticles are derived from various plant sources and offer potential 
drug delivery, imaging, and therapy applications. One of the primary advantages of 
Phyto-nanoparticles is their biocompatibility and low toxicity compared to synthetic 
nanoparticles [18]. Plant-based nanoparticles are naturally derived and have a lower 
risk of causing adverse reactions in the human body. They are also biodegradable, 
which means they can be easily eliminated from the body after serving their purpose. 
This makes them an attractive alternative to conventional nanoparticles, which may 
have potential long-term toxicity concerns. Phyto-nanoparticles can be synthesized 
from various plant sources, including leaves, fruits, seeds, and roots. The synthesis 
process typically involves the extraction of plant compounds, followed by reducing 
and stabilizing metal ions to form nanoparticles [19]. Green synthesis methods, such 
as using plant extracts as reducing and capping agents, have gained popularity due to 
their simplicity, cost-effectiveness, and environmental friendliness.

One of the most promising applications of Phyto-nanoparticles in biomedicine is 
drug delivery (Figure 1). Plant-based nanoparticles can be engineered to encapsulate 
and deliver drugs to specific target sites in the body, improving therapeutic efficacy 
and reducing side effects [20]. Curcumin, a natural compound found in turmeric, has 
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been encapsulated in phyto-nanoparticles derived from various plant sources, such as 
ginger and aloe vera. These nanoformulations have shown enhanced bioavailability, 
stability, and targeted delivery of curcumin to cancer cells, demonstrating their 
potential in cancer therapy [21].

In addition to drug delivery, phyto-nanoparticles have also been explored for their 
potential in imaging and diagnosis. Nanoparticles derived from plants such as tea, 
grapes, and pomegranate have been found to exhibit fluorescent properties, making 
them suitable for bioimaging applications [22]. These nanoparticles can be function-
alized by targeting ligands to label and image diseased cells or tissues, aiding in the 
early detection and diagnosis of diseases such as cancer. Moreover, phyto-nanopar-
ticles have shown promise in wound healing and tissue regeneration. Plant-based 
nanoparticles, such as those derived from aloe vera and ginger, have been found to 
possess antimicrobial and anti-inflammatory properties [23]. When incorporated into 
wound dressings or scaffolds, these nanoparticles can promote faster wound healing, 
reduce the risk of infection, and stimulate tissue regeneration.

Phyto-nanoparticlesare promising in biomedical applications due to their biocom-
patibility, low toxicity, and versatile properties. With their potential in drug delivery, 
imaging, and therapy, plant-based nanoparticles offer a sustainable and effective 
alternative to conventional nanoparticles. As research in this field advances, Phyto-
nanoparticles are expected to play an increasingly important role in developing novel 
biomedical technologies for diagnosing and treating various diseases.

3.2  Advantages of plant-based nanoparticles

The growing utilization of plant sources for nanoparticle fabrication is motivated 
by their unique advantages:

Figure 1. 
Biomedical applications of phyto-nanoparticles.
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3.2.1  Sustainability

Using plant sources for nanoparticle fabrication offers a more sustainable and 
environmentally friendly approach than conventional processes. By avoiding toxic 
chemicals, phyto-nanoparticle synthesis minimizes the negative environmental 
impact associated with traditional nanoparticle production. This green approach 
reduces the generation of hazardous waste and the consumption of non-renewable 
resources. Using plant-based materials also contributes to the renewable nature of 
phyto-nanoparticle synthesis, as plants can be cultivated and harvested sustainably, 
ensuring a continuous supply of raw materials without depleting natural resources. 
Furthermore, the biodegradability of plant-derived nanoparticles reduces the risk of 
long-term accumulation in the environment, mitigating potential ecological con-
cerns. Overall, the sustainability advantages of plant-based nanoparticle fabrication 
align with the growing global emphasis on green chemistry and sustainable manu-
facturing practices, making it an attractive approach for developing eco-friendly 
nanomaterials [24].

3.2.2  Biocompatibility

The inherent biocompatibility of plant-based nanoparticles is a significant 
advantage that facilitates their application in biomedical fields. Plants have evolved 
to produce a wide range of biomolecules that are intrinsically compatible with human 
physiology, as many of these compounds are naturally present in our diets. When 
nanoparticles are synthesized using plant extracts, the biocompatibility of the plant 
components is transferred to the resulting nanomaterials. Plant-derived biomolecules 
on the surface of the nanoparticles can also enhance their interaction with cells and 
tissues, promoting better integration and reducing the likelihood of immune rejec-
tion. Moreover, the biodegradability of plant-based nanoparticles ensures that they 
can be safely metabolized and eliminated from the body after serving their thera-
peutic purpose, minimizing the potential for long-term accumulation and associated 
health risks [25]. The biocompatibility of phyto-nanoparticles is particularly advanta-
geous for applications such as drug delivery, tissue engineering, and wound healing, 
where the nanomaterials are intended to interact closely with living systems. By 
leveraging the inherent biocompatibility of plant-derived materials, researchers can 
develop safer and more effective nanomedicines and biomedical devices.

3.2.3  Multifunctionality

One of the critical advantages of plant-based nanoparticles is their multifunction-
ality, which arises from the diverse range of phytochemicals present in plant extracts. 
Plants produce many bioactive compounds, including polyphenols, flavonoids, alka-
loids, and terpenoids, each with unique therapeutic properties. When these phyto-
chemicals are incorporated into nanoparticles, they impart additional functionalities 
beyond the basic properties of the nanomaterial itself. Furthermore, encapsulating 
phytochemicals into nanoparticles can improve their stability, protecting them from 
degradation and enabling controlled release over an extended period. This enhanced 
stability and sustained release profile can significantly improve encapsulated com-
pounds’ bioavailability and therapeutic efficacy [26]. The multifunctional nature of 
phyto-nanoparticles opens up exciting opportunities for developing targeted thera-
pies and multifaceted approaches to address complex medical challenges.
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3.2.4  Scalability

The scalability of plant-based nanoparticle production is another significant 
advantage that makes it an attractive approach for large-scale manufacturing. Plants 
can be easily cultivated and harvested in large quantities through well-established 
agricultural practices, providing an abundant and renewable source of raw materi-
als for nanoparticle synthesis. This scalability is crucial for meeting the increas-
ing demand for nanomaterials in various industrial and biomedical applications. 
Compared to other methods of nanoparticle production, such as chemical synthesis 
or microbial fermentation, plant-based approaches offer the potential for higher 
yields and more cost-effective production. Advances in bioengineering and molecu-
lar pharming techniques can further enhance the scalability of phyto-nanoparticle 
production. For example, genetic engineering can develop transgenic plants that 
overexpress specific phytochemicals of interest, leading to higher yields of the desired 
compounds. Similarly, optimization of plant growth conditions and extraction 
processes can improve the efficiency and productivity of nanoparticle synthesis. The 
ability to scale up plant-based nanoparticle production is particularly relevant for 
applications that require large quantities of nanomaterials, such as environmental 
remediation, agricultural interventions, and industrial catalysis. The scalability 
of phyto-nanoparticle production and the sustainability and cost-effectiveness of 
plant-based approaches make it a promising avenue for commercially developing 
nanomaterials.

These integral advantages underpin the promise of plant-based nanoparticle sys-
tems to provide sustainable, therapeutic alternatives to conventional nanomaterials. 
Phyto-nanoparticles constitute a versatile platform to harness the functional benefits 
of nanotechnology for human healthcare applications [27].

3.3  Disadvantages and limitations of phyto-nanoparticles

Phyto-nanoparticles, synthesized primarily through green synthesis methods 
using plant extracts, represent a novel class of nanomaterials that combine nanopar-
ticles’ physicochemical properties with plants’ biological attributes. Despite their 
burgeoning application in the biomedical field, several significant limitations and 
disadvantages persist, impacting their practical utility and efficacy. One primary 
concern with phyto-nanoparticles is their complex and often inconsistent synthesis 
process. While green synthesis is touted for its environmental friendliness, the lack 
of control over the nanoparticles’ size, shape, and dispersity can result in varied 
functional properties. This heterogeneity can adversely affect the reproducibility of 
experimental results and the scalability of production processes [28]. The biological 
pathways involved in synthesizing phyto-nanoparticles depend heavily on the type 
of plant extract used, which can introduce variability due to differences in the plants’ 
concentration and composition of bioactive compounds. These variations make 
standardizing practices and achieving consistent nanoparticle traits challenging and 
critical for specific applications, particularly in drug delivery and therapeutic roles.

Moreover, the long-term stability and storage of phyto-nanoparticles pose another 
significant challenge. Nanoparticles derived from plant sources may be prone to 
aggregation or degradation over time, diminishing their effectiveness and shelf 
life. Environmental factors such as temperature, light, and humidity can further 
exacerbate these stability issues, necessitating sophisticated and often expensive 
storage solutions to maintain their functional integrity over time [29]. The safety and 
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biocompatibility of phyto-nanoparticles, although generally favorable compared to 
synthetic nanoparticles, remain areas of concern. The interaction of phyto-nanopar-
ticles with cells and biological systems can sometimes induce cytotoxic effects, 
particularly at higher concentrations or prolonged exposure. The presence of residual 
plant materials or contaminants from the synthesis process can also provoke immune 
responses or inflammatory reactions, which are detrimental in biomedical applica-
tions. Additionally, the metabolic pathways involved in degrading and eliminating 
these nanoparticles from the body are poorly understood, raising concerns about 
potential bioaccumulation and toxicity [30].

Regulatory challenges also constitute a significant disadvantage. The nanoparticle 
approval process is stringent and complex, particularly in food and medicine. Phyto-
nanoparticles, due to their novel nature, face numerous hurdles in gaining regulatory 
approval across different jurisdictions. The lack of standardized characterization 
methods for these nanoparticles further complicates their assessment, requiring 
extensive and comprehensive studies to establish their safety profiles and therapeutic 
efficacy. From an application perspective, while phyto-nanoparticles are explored for 
their potential in various therapeutic and diagnostic roles, their real-world applica-
tions are limited by the current understanding of their interactions at the molecular, 
cellular, and systemic levels. Incomplete knowledge about the mechanisms these 
nanoparticles exert their effects can limit their design and functional optimization 
for specific applications. For instance, in drug delivery, the unpredictable release 
profiles and interaction with biological membranes can result in suboptimal thera-
peutic outcomes. While phyto-nanoparticles offer several promising advantages, 
their practical application is hindered by significant limitations related to synthesis 
variability, stability, safety, regulatory challenges, and incomplete understanding of 
their biological interactions [31]. Addressing these challenges requires coordinated 
research efforts to standardize synthesis methods, establish robust safety evaluations, 
and enhance the functional properties of these nanomaterials for reliable and practi-
cal use across various domains.

4.  Types of phyto-nanoparticles in osteogenesis

A vast library of plants encompassing food crops, herbs, and their molecular 
constituents have been transformed into nanocarriers and nanostructures for stimu-
lating stem cell osteogenesis (Figure 2). The rich phytochemical reservoirs serve as 
building elements for nanoparticle synthesis and confer biofunctional outputs [32]. 
When appropriately engineered into nanosystems, unique properties emerge from 
the crosstalk between physicochemical and biological cues that effectively direct bone 
healing.

4.1  Green tea extract nanoparticles

Green tea, derived from the leaves of the Camellia sinensis plant, has been identified 
for its numerous benefits. Its high concentration of polyphenolic compounds, specifi-
cally catechins, contributes to its antioxidant, anti-inflammatory, and osteogenic activ-
ity [33]. Research has proven that tea extract provides considerable safety in preventing 
neurodegenerative diseases, including Parkinson’s and Alzheimer’s [34]. Additionally, 
green tea has displayed anti-diabetic properties in animal models [35]. Its antibacterial, 
anti-HIV, anti-aging, and anti-inflammatory activities have also been documented.
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Green tea extract nanoparticles (GTE-NPs) have been shown to have anti-inflam-
matory effects in animal models. Inflammation is a critical protective mechanism in 
the healing process. Still, it can also cause pain and swelling associated with pro-
inflammatory cytokines such as interleukin (IL) IL-1, IL-6, and tissue necrosis factor-
alpha (TNF-α) [36]. GTE-NPs can improve mice’s physiological motor and cognitive 
function during inflammation, indicating their potential therapeutic applications. 
They also have antioxidant properties, which can help protect cells from oxidative 
stress and promote tissue regeneration [33].

GTE-NPs offer potential benefits in bone regeneration due to their unique proper-
ties, including antioxidant, anti-inflammatory, and osteogenic effects. Green tea has 
been reported to promote tissue remodeling and bone healing, making it a promising 
candidate for enhancing bone regeneration [36]. The catechin (−)-epigallocatechin-
3-gallate (EGCG) in green tea facilitates fracture healing and increases bone mineral 
density, indicating its potential to improve bone health [37]. EGCG enhances the 
osteogenic differentiation of human bone marrow mesenchymal stem cells through 
the Wnt signaling pathway, which controls bone development. Additionally, green tea 
catechins enhance osteogenesis in bone marrow mesenchymal stem cells [38]. Animal 
experiments have indicated that green tea extract EGCG can significantly stimulate 
bone regeneration in rat skull defects [39]. Furthermore, GTE-NPs combined with 
hydroxyapatite create composite materials that exhibit favorable bone regenera-
tion abilities [40]. Potential mechanisms of GTE-NPs in promoting osteogenesis 
include activation of the Wnt pathway, osteogenic differentiation enhancement, and 
bone regeneration stimulation [41]. Further research is needed to understand the 

Figure 2. 
Diverse plant sources for deriving phyto-nanoparticles with osteogenic potential. Phyto-nanoparticles synthesized 
from various botanical ingredients, including green tea, aloe vera, curcumin, licorice, flavonoids, silymarin, 
and ginseng, have shown the ability to stimulate osteoblast activity and bone formation. The rich phytochemical 
composition of these plant sources confers biofunctional properties to the engineered nanoparticles for directing 
stem cell differentiation and modulating bone cell fates toward enhanced osteogenesis.
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mechanisms of GTE-NPs in osteogenesis fully, but current findings suggest their 
potential therapeutic applications for bone regeneration and tissue engineering.

4.2  Aloe vera-based nanoparticles

Aloe vera, a succulent plant species, has been widely recognized for its diverse 
medicinal applications. The use of aloe vera dates back thousands of years, and its 
therapeutic properties have been extensively studied. Aloe vera is commonly used 
topically to treat various skin conditions, including burns, cuts, insect bites, and 
eczemas, owing to its anti-inflammatory, antimicrobial, and wound-healing proper-
ties [42]. Additionally, aloe vera has been investigated as a dietary supplement, with 
studies suggesting benefits such as reduced dental plaque, accelerated wound heal-
ing, and potential glycemic control [43]. Furthermore, oral aloe vera gel has been 
associated with lowering blood glucose and cholesterol levels, making it attractive 
for managing diabetes and hyperlipidemia [44]. The plant’s unique properties have 
also led to research on its potential as a cytotoxic, antitumoral, anticancer, and anti-
diabetic agent.

Aloe vera promotes wound healing at the cellular and subcellular levels. It acceler-
ates wound healing by stimulating the proliferation and migration of fibroblasts 
and keratinocytes, which are essential for repairing injured tissues [45]. Aloe vera 
nanoparticles (AVNPs) are a recent development in nanotechnology and have gained 
attention due to their potential biomedical applications. AVNPs have exhibited the 
potential to promote osteogenesis owing to their unique antioxidant, anti-inflamma-
tory, and osteogenic effects [46]. Gold nanoparticles (AuNPs) synthesized using aloe 
vera possess osteoinductive properties crucial for bone formation. Using aloe vera in 
AuNP synthesis provides an eco-friendly and cost-effective approach.

Electrophoretic Deposition of aloe vera-chitosan-hydroxyapatite nanocomposite 
coatings onto titanium implants was studied [47]. Chitosan was the binding agent, 
while hydroxyapatite facilitated osseointegration with surrounding bone. Aloe vera 
particles conferred antibacterial effects against common pathogens like S. aureus, 
responsible for many implant-associated infections. Excellent biocompatibility was 
verified by the growth and ALP activity of cultured osteosarcoma cells, making 
this nanocomposite coating ideal for enhancing the functionality of titanium bone 
implants. Beyond direct osteogenic stimulation, aloe vera nanoparticles can also play 
auxiliary roles, such as anti-scarring during bone healing [48]. Aloe vera nanoparticles 
into a putty containing bioactive glass ceramics and applied as a protective barrier 
membrane over bone defects. The released aloe vera phytochemicals were found to 
inhibit myofibroblast differentiation and activity of human dermal fibroblasts via 
TGF-β1 modulation, thus reducing scar tissue formation while permitting unimpeded 
bone formation across the defect.

4.3  Curcumin nanoparticles

Curcumin is a chemical compound found in the Curcuma longa plant, also known 
as turmeric. It is a popular condiment with antioxidant, anti-inflammatory, antimi-
crobial, and anticancer properties, and it has been widely used in indigenous and 
traditional medicine [27]. Research suggests that curcumin may help manage oxida-
tive stress, inflammation, metabolic syndrome, arthritis, anxiety, and degenerative 
eye diseases [49].
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In vitro and in vivo studies have demonstrated anti-inflammatory, anti-diabetic, 
anti-proliferative, and pro-apoptotic effects against various tumors [50]. Curcumin 
has also exhibited potential against Alzheimer’s, multiple sclerosis, rheumatoid 
arthritis, atherosclerosis, cataracts, liver damage, lung toxicity, fibrosis, bleeding, 
clotting, platelet aggregation, and wound healing. However, more bioavailability is 
needed to ensure its maximal therapeutic potential. Strategies to improve bioavail-
ability include adjuvants like piperine, lipid formulations, structural analogs, and 
nanoparticulate delivery systems using natural and synthetic polymer-based carriers 
[51, 52]. These approaches enhance curcumin’s solubility, stability, and absorption to 
maximize its efficacy.

Nanoparticles of curcumin, also known as nano curcumin, have been extensively 
researched for improving bioavailability and therapeutic effects. Wet-milling, 
nanoprecipitation, and other techniques produce nano curcumin with reduced 
particle size and increased solubility. One study described wet-milled nano curcumin 
with a narrow size distribution [53], while another emphasized green manufacturing 
approaches to improve curcumin bioaccessibility [54]. Nanocurcumin formula-
tions have improved efficacy and bioavailability in vivo, making them promising 
for cancer therapy [55]. Curcumin nanoparticles also have potential applications in 
dental implantology owing to their antibacterial properties against pathogens like 
Porphyromonas gingivalis, which commonly cause implant failure [56]. In conclusion, 
curcumin nanoparticles represent a promising means to enhance the therapeutic 
potential of curcumin through improved bioavailability and antimicrobial activity. 
Further research and clinical studies are essential to fully realize their potential while 
ensuring safety and efficacy for medical and dental uses.

Scaffold fabrication using the curcumin/graphene oxide/hydroxyapatite 
nanoparticles resulted in sustained curcumin release over a month. Analysis with 
osteoblast-like MG-63 cells revealed significant upregulation of osteogenic markers 
like osteopontin and bone sialoprotein compared to pure hydroxyapatite controls, 
confirming the critical role of released curcumin in driving differentiation [57].

4.4  Other plant-derived nanoparticles

In addition to the well-studied green tea extract, aloe vera-based, and curcumin 
nanoparticles, researchers have explored numerous lesser-known but promising 
plant-derived nanoparticles for stimulating bone regeneration. The diverse range 
of plant-derived nanoparticles presents a promising frontier in osteogenesis. Their 
unique properties, including bioactivity, biocompatibility, and biodegradability, 
make them suitable candidates for enhancing bone regeneration and treating bone-
related diseases.

4.4.1  Grapefruit extract nanoparticles

Grapefruit extract contains naringin, a flavonoid with antioxidative and 
 anti-inflammatory activities. Naringin nanoparticles promoted osteogenic dif-
ferentiation of mesenchymal stem cells (MSCs) by upregulating bone morpho-
genetic protein-2 (BMP-2) and suppressing nuclear factor-kB (NF-kB) [58]. This 
photo-nanoparticle also increased alkaline phosphatase (ALP) activity, stimulated 
collagen production, and deposited calcium. Its ability to dually promote osteogen-
esis and inhibit osteoclastogenesis makes it a promising agent for restoring bone 
defects [59].
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4.4.2  Licorice root nanoparticles

Licorice is a popular herbal medicine containing glabridin, which has estrogenic 
effects and helps manage postmenopausal osteoporosis. Glabridin nanoparticles 
enhanced viability and osteogenic differentiation in MSCs by stimulating estrogen 
receptor signaling [60]. It also inhibited hydrogen peroxide-induced cytotoxicity 
and reactive oxygen species production. As a phytoestrogen, glabridin is safer than 
traditional hormone replacement therapy for osteoporosis [61].

4.4.3  Flavonoid nanoparticles

Flavonoids, a diverse group of phytonutrients found in almost all fruits and 
vegetables, exhibit strong antioxidant properties. The encapsulation of flavonoids 
into nanoparticles has been explored to enhance their bioavailability and efficacy 
in osteogenesis [62]. For instance, when formulated into nanoparticles, quercetin, 
a well-known flavonoid, has significantly improved osteoblast proliferation and 
differentiation [63]. The enhanced solubility and stability of quercetin nanoparticles 
facilitate their uptake by bone cells, thereby stimulating the expression of osteogenic 
markers such as alkaline phosphatase (ALP), osteocalcin, and bone morphogenetic 
proteins (BMPs).

4.4.4  Silymarin nanoparticles

Silymarin, derived from the milk thistle plant (Silybum marianum), is another 
phytochemical with potent antioxidant and anti-inflammatory properties. Silymarin 
nanoparticles have been investigated for their potential in osteogenesis due to their 
ability to modulate bone metabolism [64]. Studies have demonstrated that silymarin 
nanoparticles can enhance osteoblasts’ proliferation and mineralization while inhibit-
ing osteoclasts’ formation and activity. By balancing the activities of these cells, sily-
marin nanoparticles contribute to the maintenance and regeneration of bone tissue, 
making them a promising candidate for bone tissue engineering and the treatment of 
osteoporosis [65].

4.4.5  Ginseng nanoparticles

Ginseng, a traditional herbal medicine, contains bioactive compounds called 
 ginsenosides, which have been implicated in various therapeutic effects, including 
osteogenesis. Ginsenoside-loaded nanoparticles have been designed to overcome 
the poor bioavailability of ginsenosides, enhancing their therapeutic potential in 
bone health [66]. These nanoparticles stimulate osteoblast differentiation and bone 
formation by activating the Wnt/β-catenin signaling pathway. Furthermore, ginseng 
nanoparticles have been shown to exert immunomodulatory effects, which can 
significantly benefit conditions characterized by inflammation-induced bone loss, 
such as osteoporosis and rheumatoid arthritis.

5.  Mechanisms of action

Elucidating the mechanistic pathways involved in augmented osteogenic 
 stimulation by phyto-nanoparticles remains an intense research pursuit. Uncovering 
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these mechanisms at the biomolecular and cellular levels provides design feedback 
better to tailor nanoparticle properties for their intended modulatory roles. Central 
operating mechanisms encompass direct interactions of the nanoparticles with osteo-
genic cells to alter differentiation or activity, sustained intracellular delivery of cargo 
osteogenic drugs, and auxiliary anti-inflammatory and antimicrobial functionality.

The Table 1 summarizes the key processes through which each phyto-nanoparticle 
influences bone formation and remodeling. These mechanisms include the stimula-
tion of osteoblast differentiation and mineralization, inhibiting osteoclast formation 
and activity, and modulation of signaling pathways involved in bone metabolism, 
such as Wnt/β-catenin, RANKL/OPG, BMP, and MAPK. The phyto-nanoparticles 
listed in the table are flavonoids, curcumin, resveratrol, quercetin, epigallocatechin 
gallate (EGCG), daidzein, and genistein. It is important to note that each phy-
tonanoparticle may exert its effects through multiple cellular and molecular mecha-
nisms, collectively contributing to the overall process of osteogenesis.

5.1  Interaction with osteoblasts and osteoclasts

Plant nanoparticles have potential applications in bone remodeling, particularly 
on osteoblasts and osteoclasts. The studies suggest that the bioactive effects of 

Phyto-nanoparticle Mechanism of Action in Osteogenesis

Flavonoids • Stimulate osteoblast differentiation and mineralization

• Inhibit osteoclast formation and activity

• Enhance bone formation markers (e.g., alkaline phosphatase, collagen)

Curcumin • Promotes osteoblast differentiation and mineralization

• Suppresses osteoclastogenesis and bone resorption

• Modulates Wnt/β-catenin signaling pathway

Resveratrol • Enhances osteoblast differentiation and bone formation

• Inhibits osteoclast differentiation and activity

• Activates SIRT1 and AMPK signaling pathways

Quercetin • Stimulates osteoblast proliferation and differentiation

• Inhibits osteoclast formation and bone resorption

• Modulates RANKL/OPG ratio

Epigallocatechin gallate (EGCG) • Promotes osteoblast differentiation and mineralization

• Suppresses osteoclast differentiation and activity

• Regulates BMP and MAPK signaling pathways

Daidzein • Enhances osteoblast proliferation and differentiation

• Inhibits osteoclastogenesis and bone resorption

• Activates estrogen receptor signaling

Genistein • Stimulates osteoblast differentiation and bone formation

• Suppresses osteoclast formation and activity

• Modulates TGF-β/BMP and Wnt/β-catenin signaling pathways

Table 1. 
Mechanisms of action of various Phyto-nanoparticles in osteogenesis.
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nanoparticles on bone cells are size, surface property, and composition-dependent. 
For instance, silica nanoparticles have been demonstrated to improve bone mass 
and promote the differentiation of bone cells. Similarly, metallic nanoparticles are 
viable alternatives for bone repair and regeneration due to their bioactivity, biomi-
metic composition, and good incorporation within the natural bone structure [67]. 
Orchestrating the coordinated actions of bone-forming osteoblasts and resorbing 
osteoclasts is critical to developing mature mineralized tissues (Figure 3). Phyto-
nanoparticles influence osteogenic outcomes through direct contact with these cells 
to modulate lineage commitment, differentiation, proliferation, adhesion, and matrix 
deposition. Particle internalization enables intracellular cargo delivery, while surface 
coatings present instructive cues to direct cell fate [68]. Nanotopography-mediated 
contact guidance is emerging as a powerful approach to control stem cell differentia-
tion trajectories. Using green tea polyphenol nanoparticles, Luo et al. [69] described 
enhanced adhesion, spread, and proliferation in rat mesenchymal stem cells, which 
correlated with osteogenic marker expression. They postulated that the nanoparticle 
surfaces provided nanoscale cues resembling fibrillar bone extracellular matrix to pro-
mote osteoblastic phenotypes. Inorganic nanoparticles like hydroxyapatite similarly 
stimulated the fibroblastic differentiation of pre-osteoblastic MC3T3-E1 cells [70].

Iron oxide nanoparticles have been shown to promote osteoblast differentiation 
and inhibit osteoclast activity, suggesting a potential role in bone remodeling and 
regeneration [71]. Iron oxide nanoparticles can be synthesized using plant extracts, 
which offer a cost-effective, non-toxic, and environmentally friendly approach 
to obtaining nanoparticles. The biomolecules present in the plant extracts, such 
as phytochemicals, are responsible for the bioreduction and stabilization of the 
nanoparticles [72]. The studies suggest that metallic nanoparticles containing plant 
extracts have been used to treat bone disorders such as osteoporosis. The studies 
suggest that silver nanoparticles can inhibit differentiation into osteoclasts, indicating 
their potential as a treatment modality for bone-related diseases.

Besides morphology and adhesion changes, internalized phyto-nanoparticles can 
directly modulate intracellular signaling proteins and transcription cascades involved 
in differentiation. For instance, curcumin-gold nanoparticles were found to upregu-
late Ca2+/NFATc1 signaling through reactive oxygen species generation, consequently 
increasing alkaline phosphatase activity [73]. Resveratrol nanoparticles amplified 
miR-21 levels to suppress Smad-7 inhibitory effects on Runx2 and downstream 
effector activation leading to the commencement of osteoblastic gene expression 
programs [74]. In addition to osteoblastogenesis, a dynamic equilibrium between 

Figure 3. 
Schematic representation of the cellular events occurring at the interface between a phyto-nanocoated implant 
and bone tissue during the healing process. The illustration depicts the key bone formation and remodeling stages, 
influenced by phyto-nanoparticles on the implant surface.
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bone formation and resorption also necessitates the regulation of multinucleated 
osteoclasts from monocytic precursors. Undesirable excessive activity leads to net 
bone loss, compromising repair outcomes. As such, phyto-nanoparticles can target 
enhanced osteoblastogenesis with attenuated osteoclastogenesis [75]. Silica nanopar-
ticles suppressed osteoclast differentiation and resorptive activity by downregulating 
NF-κB and interfering with RANK/RANKL signaling that initiates maturation. 
Meanwhile, hydroxyapatite nanoparticles mitigated reactive oxygen species propaga-
tion in osteoblasts subjected to oxidative challenge, preventing premature senescence 
and enabling sustained matrix deposition [76].

5.2  Drug delivery and sustained release

Plant nanoparticles are emerging as promising drug delivery systems and 
sustained-release vehicles because they can enhance therapeutic efficacy and miti-
gate side effects [77]. These nanoparticles, typically 10 to <1000 nm in size, can be 
engineered to encapsulate drugs and exhibit controlled release properties [78]. The 
physicochemical characteristics of nanoparticles, including size, surface area, sur-
face chemistry, and shape, significantly impact their interactions within biological 
systems and are critical design parameters. For example, precise control over size and 
morphology is required to optimize performance and reduce toxicity. Furthermore, 
functionalizing the nanoparticle surface with polymers, antibodies, or other ligands 
facilitates active targeting of specific cells and tissues, thereby improving delivery 
capabilities [79].

Various nanoparticle platforms, such as lipid, polymer, and peptide nanopar-
ticles, have been developed as drug delivery systems to transport therapeutic agents 
to intended sites within the body. These systems offer pharmacokinetic advantages 
compared to free drugs, enable targeting of specific cells, and mitigate off-target 
effects, thereby improving treatment efficacy [80]. The drug release kinetics can 
also be engineered by modifying nanoparticle size, surface traits, and composition 
to achieve sustained and controlled release profiles crucial for chronic therapies [81]. 
This targeted and sustained drug action reduces drug-induced toxicity while enhanc-
ing patient compliance through less frequent dosing regimens, ultimately translating 
to better patient outcomes. However, the clinical translation of plant nanoparticles 
warrants further research into the implications of their physicochemical attributes 
on biological interactions and the development of safe and efficacious drug delivery 
systems.

Phyto-nanoparticles act as versatile platforms for the intracellular delivery of 
osteogenic drugs to stimulate implanted scaffold cells or endogenous cells recruited 
to defect sites. Sustained release perpetuates bioactivity and enhances permeation 
throughout 3D-engineered tissues [82]. Nanoparticles facilitate passage through cell 
membranes for efficient internalization and residence within cytosol drug depots. 
Gradual diffusion or cumulative matrix erosion provides prolonged release kinetics 
that are optimal for maintaining cell stimulation without adverse effects from sud-
den bursts. Stimuli-responsive strategies using endogenous or exogenous triggers 
permit spatiotemporal control over release profiles [83]. Beyond growth factors, 
small molecule drugs have also been adapted into phyto-nanoparticles. Resveratrol-
layered double hydroxide nanohybrids enabled tunable sustained release by diffusion 
control for over a month [84]. Rat calvarial defect treatment revealed up to 3-fold 
higher bone volumes than direct injection, confirming enhanced bioavailability and 
osteogenesis stimulation in vivo via the nanohybrid delivery system [85]. Curcumin 
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nano-formulations similarly amplified therapeutic effects by increasing circulation 
half-life [86].

5.3  Anti-inflammatory and antimicrobial effects

Phyto-nanoparticles provide auxiliary anti-inflammatory and antimicrobial 
functionality alongside osteogenic stimulation effects to create optimal microenviron-
ments facilitating repair [87]. Metabolically active compounds like polydatin and 
protocatechuic acid have been integrated into MSN mesoporous silica nanoparticles 
to dual-release anti-inflammatory osteogenic drugs [88]. Polydatin nanoparticles 
suppressed the secretion of inflammatory factors like TNF-α, IL-6, and nitric oxide 
in LPS-activated macrophages. The anti-inflammatory effects were further enhanced 
when co-delivered with bone morphogenetic protein two, stimulating mesenchymal 
stem cell recruitment and local regeneration. These synergistic combinations thus 
accelerate the resolution of inflammation to progress toward pro-osteogenic conditions 
[89]. Essential oils containing antimicrobial phytochemicals have been adapted onto 
osteoconductive bioceramic nanoparticles to combat bacterial infections [90]. Tea tree 
oil-functionalized magnesium phosphate nanoparticles provided a sustained release of 
antibacterial oil components alongside facilitating new bone growth [91]. The nanopar-
ticles also induced minimal foreign body reaction and enhanced corrosion resistance 
compared to pure magnesium. These complementary osteogenic and antimicrobial 
properties will improve treatment outcomes for infected bone injuries [92].

Plant-mediated nanoparticles have significant anti-inflammatory and antimi-
crobial properties, making them promising candidates for biomedical applications. 
Specifically, silver and selenium nanoparticles synthesized using various plant 
extracts have shown potential as anti-inflammatory agents for treating conditions 
characterized by inflammation and antimicrobial agents for targeting resistant 
infections. Silver nanoparticles (AgNPs) synthesized using Aloe vera, green tea, 
grapefruit, Mentha piperita, and Catharanthus roseus extracts have exhibited anti-
inflammatory capabilities [93, 94]. The anti-inflammatory effects make these AgNPs 
viable options for managing inflammatory ailments. Selenium nanoparticles (SeNPs) 
prepared using extracts of hawthorn fruit, onion, Thymus vulgaris, Ceropegia bulbosa 
Roxb, and Diospyros Montana have also demonstrated significant anti-inflammatory 
properties. These anti-inflammatory SeNPs hold promise as potential agents for 
treating inflammation-related diseases [95, 96]. Plant-mediated silver and selenium 
nanoparticles have also displayed broad-spectrum antimicrobial activity against 
various pathogenic bacteria and fungi. Their potent antimicrobial effects make these 
nanoparticles candidate alternatives to conventional antimicrobials for tackling 
drug-resistant infections. Plant-synthesized silver and selenium nanoparticles have 
shown considerable promise as anti-inflammatory agents for inflammatory diseases 
and antimicrobial agents for resistant infections [97]. Further research is warranted 
to translate these nanomaterials into clinical applications as anti-inflammatory and 
antimicrobial therapeutics.

6.  Applications in bone regeneration

Capitalizing on their osteogenic stimulatory effects, phyto-nanoparticles have 
found widespread applications in designing advanced bone scaffolds, functionalizing 
orthopedic implants, and therapeutic carriers for bone disease treatments.
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6.1  Scaffold materials for bone tissue engineering

Plant-derived nanoparticles are emerging as promising scaffold materials for 
bone tissue engineering owing to their biomimetic and osteoinductive properties. In 
particular, biocompatible silica nanoparticles from corn cob and rice husk stimulate 
osteoblast proliferation and bone growth while inhibiting osteoclasts, making them 
optimal scaffolds for bone disorders like osteoporosis [98, 99]. Beyond silica, calcium 
phosphate and gold nanoparticles also possess impressive osteogenic capabilities and 
have been studied as scaffolds for bone regeneration. For instance, strontium/magne-
sium-doped calcium phosphate nanoparticles have elicited positive in vitro responses 
from bone cells, underscoring their potential [100].

Capitalizing on the pro-osteogenic attributes, researchers have developed inject-
able hydrogels using composites of hydroxyapatite nanoparticles and plant derivatives 
like silk fibroin, cellulose, and chitosan [101]. Crosslinking chitosan-hydroxyapatite 
nanoparticles with aloe polysaccharides creates shear-thinning, self-recovery hydro-
gels suitable for minimally invasive delivery. The macroporous architecture enables 
bone marrow stem cell infiltration, proliferation, and osteogenic differentiation 
through controlled release of aloe bioactive phytochemicals, ultimately stimulating 
functional bone repair in vivo [102].

Plant nanocelluloses fabricated via acid hydrolysis of cellulose fibers also make 
highly porous bone scaffolds with mechanical integrity rivaling cancellous bones. The 
concomitant high-water retention facilitates nutrient diffusion and waste removal, 
enabling osteoblast migration and proliferation with early signs of matrix mineraliza-
tion [103]. As the nanocelluloses degrade into non-toxic sugars, they mitigate long-
term complications. Beyond direct bone formation, aloe polysaccharide nanoparticles 
delivering pro-angiogenic factors like VEGF from resident osteoblasts can also create 
vascularized grafts integrated with minimal fibrous scarring [46]. Such intelligently 
designed phyto-nanoparticles synchronize multiple mechanisms for synergistic bone 
regeneration.

6.2  Coatings for bone implants

Phyto-nanoparticles hold immense potential for surface modification of bone 
implants to enhance osseointegration. The current predominant use of bioinert met-
als like titanium often results in poor host tissue integration, provoking foreign body 
reactions, leading to fibrotic capsule formation, impairing implant-bone interlock, 
and providing infectious foci. Phyto-nanoparticle coatings present bioactive inter-
faces promoting bone cell migration and matrix deposition for accelerated anchor-
age [104]. Anti-inflammatory ingredients also mitigate immunogenic responses. 
Phyto-nanoparticle coatings aim to recapitulate multi-factorial extracellular niches by 
integrating osteoconductive, osteogenic, and anti-infective agents onto implant sur-
faces. For example, Sabir et al. fabricated zinc-doped hydroxyapatite silica coatings 
with clove extracts with innate antimicrobial properties. Sustained release of bioac-
tive eugenol compounds inhibited adhesion and destroyed membranes of common 
pathogens, thus preventing implant-associated infections. The unimpeded growth of 
osteosarcoma cells also demonstrated excellent cytocompatibility [105].

Seeking dynamic interfaces, Motornov et al. [106] developed self-assembled 
films containing redox-responsive plant polyphenol nano-capsules on titanium 
dioxide nanotube arrays formed directly on titanium surfaces. The nano-capsules 
provided a controlled release of osteogenic and anti-inflammatory agents to stimulate 
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endogenous cell activity. Redox triggers like hydrogen peroxide and ubiquitous 
glutathione unlocked cargo release by capsule swelling and membrane destabiliza-
tion. Such innovative delivery systems enable spatiotemporal control, synchronizing 
therapeutic release profiles in tune with local biological cues [107].

Recent enthusiasm around graphene has sparked interest in phyto-mediated green 
synthesis of graphene-based implant coatings. Adding silver nanoparticles contrib-
uted to anti-infective effects against multidrug-resistant microbes. The accelerated 
hydroxyapatite deposition and alkaline phosphatase upregulation in osteoblasts 
cultured on these coatings demonstrated excellent biomineralization. Easy scal-
ability makes such eco-friendly materials attractive for practical translational applica-
tions. Plant-derived nanoparticles can be used as coatings on dental and orthopedic 
implants to enhance their properties and performance. Zirconium nanoparticles 
from ginger and garlic have shown promise in enhancing dental implants’ antimicro-
bial, mechanical, and osseointegration properties [108]. Silver nanoparticles from 
Azadirachta indica (Neem), Aloe vera, Emblica Officinalis (Amla), Cinnamomum cam-
phora extract, and curcumin nanoparticles from turmeric have antimicrobial effects 
to reduce infections [53, 109–111]. Zinc oxide nanoparticles from Camellia sinensis 
have low cytotoxicity and biocompatibility as dental implant coatings [112]. Plant 
extracts like Aloe vera, green tea, and grapefruit have synthesized gold nanoparticles 
to improve implant biocompatibility, mechanical properties, antimicrobial activity, 
and osteoinduction [113].

6.3  Targeted therapy for bone diseases

Bone disorders like osteoporosis and infectious osteomyelitis remain challenging 
clinical issues as conventional treatments struggle to stimulate regeneration and 
penetrate dense mineralized matrices. Phyto-nanoparticles present innovative solu-
tions for targeted drug delivery to diseased skeletal sites by protecting cargo drugs 
from bodily clearance and providing sustained release. Their nanoscale size facilitates 
extravasation through porous vasculatures nourishing skeletal tissues. Concurrent 
multimodal imaging enables tracking to verify localization. Seeking osteo-targetabil-
ity, Liang et al. [114] prepared calcium-deficient hydroxyapatite nanoparticles with 
high binding affinity to the bone matrix. Covalent tethering of the anti-osteoporotic 
bisphosphonate alendronate further augmented hydroxyapatite specificity for 
skeleton tissues. Phyto-sourced berberine alkaloids with anti-osteoporotic effects 
were then loaded into the nanoparticles. Selective in vivo depot within bone enabled 
sustained berberine release, stimulating osteoblast differentiation while ameliorating 
ovariectomy-induced bone loss [112]. Such targeted delivery maximizes therapeutic 
indexes at diseased sites while avoiding systemic exposure.

Contending with osteomyelitis, Alegrete et al. [115] devised starch-based nanocar-
riers for bone-selective delivery of vancomycin antibiotics. Cationic surface coatings 
enabled electrostatic loading of anionic vancomycin molecules with 85% efficiency. 
Sustained vancomycin release inhibited bacterial growth for a week, reducing inflam-
matory TNF-alpha and osteoclast activity. Osteoblast proliferation also recovered. 
Effective infection control coupled with mitigated bone damage illustrates the merits 
of phyto-nanoparticles for therapeutic delivery, combining innate bioactivity and 
biocompatibility [113]. In summary, these regenerative medicine niches spanning 
tissue engineering, implant modification, and drug delivery vehicles provide promis-
ing clinical translation pathways capitalizing on emergent phyto-nanotechnology 
research. A common theme is the recognition of how multifaceted extracellular 



Innovation in Osteogenesis Research

118

milieu factors synergistically direct tissue healing outcomes. Appropriately designed 
phyto-nanoparticles offer intelligently engineered tools integrating biological and 
physical inputs to stimulate endogenous regenerative responses.

7.  Future perspectives and conclusions

Phyto-nanotechnology remains in its early stages, with further innovations in 
fabrication strategies and biomedical applications necessary to fully tap this vast, 
untapped potential. Ongoing adoption of personalized medicine approaches appears 
highly feasible. Additionally, hybrid platforms synergistically combining plant 
nanoparticles with complementary nanostructures and technologies could engender 
augmented therapeutic capacities exceeding individual components. In summary, 
these promising directions forecast next-generation phyto-nanosystems dramatically 
advancing bone regenerative capabilities and transforming clinical practice. Research 
fusing plant-based nanomaterials with technologies like 3D bioprinting and exter-
nally triggered smart nanoparticles could enable customized patient therapies and 
enhanced control over healing outcomes. Further research and development focusing 
on efficacy, safety, and clinical integration will be vital to realizing the full clinical 
potential of these powerful emerging approaches.

7.1  Innovations in synthesis and application

In recent years, the integration and use of plant-sourced nanoparticles in medicine 
and dentistry have gained considerable interest. Adopting plant extracts to generate 
nanoparticles provides multiple benefits over traditional approaches, including cost-
effectiveness, environmental sustainability, and control over nanoparticle structure. 
This method also overcomes nanoparticle clustering during formation, enabling 
the production of diverse nanoparticle types. Plant-based nanoparticles have shown 
promise in improving dental implants’ compatibility, durability, and antibacterial 
properties. Creating bone-targeted nanoparticles and carriers from plants also holds 
the potential for enhancing osteoporosis treatment by improving drug delivery, 
minimizing side effects, and boosting the efficacy and safety of osteoporosis medica-
tions. The future outlook of plant nanoparticles is promising, with ongoing research 
on developing new synthesis techniques, characterization methods, and applications. 
Plant nanoparticles offer advantages over conventional physicochemical prepara-
tions, including cost-effectiveness, eco-friendliness, morphology control, and the 
ability to prevent nanoparticle agglomeration during production for a wide range of 
nanoparticles.

7.2  Integration with other nanotechnologies

Integrating plant-sourced nanoparticles with other nanostructures, materials, and 
technologies shows immense potential for synergistic platforms that enhance efficacy 
beyond individual components. Hybrid nanocomposites combining cellulose, silk, 
or chitosan phyto-nanoparticles with osteoconductive hydroxyapatites or bioactive 
glasses can produce scaffolds that mimic complementary aspects of native bone 
extracellular matrix. This could provide more biomimetic environments to guide 
bone formation. Incorporating magnetic and plasmonic metal nanoparticles within 
phyto-nanoparticle matrices could enable external manipulation and stimulation 
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using alternating magnetic fields and laser irradiation. This may allow spatiotem-
poral control over scaffold activities to better direct cell differentiation and healing. 
Imaging techniques like surface-enhanced Raman spectroscopy using phyto-reduced 
gold nanorods also facilitate deeper tracking of bone regeneration in vivo, which is 
crucial for evaluating translation potential.

Bridging niche applications, fluoride-releasing phyto-nanoparticles could have 
concurrent antibacterial effects against cariogenic pathogens responsible for dental 
caries and infections that endanger orthopedic implants. Phyto-nanosystems may 
also help mitigate bone loss side effects of anticancer medications. Beyond passive 
carriers, cell membrane-coated phyto-nanoparticles cloaked with blood cell or stem 
cell membranes may enable biomimetic vehicles for immune system evasion and 
enhanced tissue penetration. These multifunctional capacities gained from hybrid-
ization with emerging nanotechnologies promise innovative solutions for enhanced 
bone repair. In summary, further research at the intersection of plant biosciences and 
nanotechnology can realize smarter phyto-nanomaterials designed to synchronize the 
complex extracellular signals that collectively coordinate optimal healing. Seamless 
integration into clinical practice promises transformative positive impacts on restor-
ing skeletal function for countless worldwide suffering from bone diseases or injuries.

7.3  Potential in personalized medicine

Inter-patient variability and unique defect microenvironments contribute to 
inconsistent outcomes using standardized treatments. Transitioning toward personal-
ized medicine paradigms that tailor therapies to individual needs could address these 
inconsistencies. Readily functionalized phyto-nanoparticles with tunable properties 
present versatile platforms that enable patient-specific formulations. Nuclear imaging 
and magnetic relaxation switching may non-invasively track nanoparticle pharma-
cokinetics and localization within distinct wound sites. This facilitates identifying 
disease subsets most responsive to particular formulations. Omics profiling discerns 
proteomic biomarkers and implicated genetic polymorphisms guiding formulation 
optimization, including specific phytochemical agents targeting dysregulated path-
ways. Patient-derived cells could determine optimal scaffolded cargo combinations 
(e.g., cells, genes, drugs) for improved engraftment. 3D bioprinting also enables 
designing custom macro-architecture and internal porous features adapted to 
scanned defect volumes. On-demand activation of smart phyto-nanomaterials with 
external triggers (ultrasound, electromagnetic fields) further permits unprecedented 
spatiotemporal control over particular cellular stimulation events. These could be 
programmed in response to personalized healing events like inflammation resolution 
or cell mobilization waves. Such dynamic, personalized therapies will ultimately 
improve the consistency and quality of treatment outcomes.
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