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Abstract: Bone diseases such as osteoporosis and osteoarthritis are increasingly prevalent, particularly in aging populations. While
conventional treatments, including synthetic drugs and mineral supplements, are effective yet often associated with side effects and
long-term economic burdens. Active compounds derived from nature, “Phytochemicals” have garnered attention due to their potential
to provide safer and more sustainable alternative therapeutic options. However, due to their complex structure and poor pharmaco-
kinetics, their clinical applications are limited. Nano-drug delivery systems address these limitations by developing phytochemical-
based nanocarriers, which enable targeted delivery, protect active compounds, and enhance both pharmacokinetics and pharmacody-
namics. Given the limitations of synthetic treatments, there is growing interest in exploring phytochemicals and plants and herbal
extracts to support bone health. This review focuses on nano-phytochemical approaches for bone therapy, outlining key phytochem-
icals, their natural sources, nanoformulations, and mechanisms of action. It also evaluates current commercial supplements and
highlights the challenges and future directions for clinical translation of nano-phytomedicine in bone health management.
Keywords: phyto-nanomedicine, phytochemicals, bone, natural compounds, plant-based nanoparticles

Introduction

For centuries, people worldwide have utilized plants and natural ingredients as their primary source of therapy for
various diseases and health conditions. Many of the synthetic drugs were derived from a well-known natural source, then
their chemical structures were subsequently modified as needed to improve their efficacy, and bioavailability, and reduce
their toxicity and side effects." However, over time, the use of natural resources for drug discovery has diminished
mainly due to the ease in drug chemical structure modifications, difficulties in dosing of herbal medications, time and
money involved, and difficulties in issuing patency. As a result of various factors, particularly the toxicity associated with
the long-term use of synthetic drugs and their unpredictable side effects, researchers had the urge and interest to go back
to nature and discover its active compounds. Additionally, the high cost of drugs and medications, combined with their
adverse effects and inconvenient dosages, has led many people to prefer natural products. This refocus on natural
ingredients inspired the Japanese to introduce the term “functional food” which identifies the food that has active
ingredients.2 Soon after, when the bioactive compounds were formulated into tablets, capsules, liquids, and other
pharmaceutical forms the term “nutraceutical” was introduced.’

Phytochemicals are defined as secondary metabolites, bioactive nonessential compounds originating from natural
sources.'> Furthermore, the advancement in different new medical fields such as genomics, proteomics, transcriptomics,
and metabolomics allowed the utilization of these metabolites in drug discovery. Phytochemicals are classified into major
groups including phenolics, alkaloids, and terpenes. In plants, they function in reproduction and growth, defense
mechanisms against pathogens, and contribute to plants’ color. Most of them exhibit antioxidant, anti-inflammatory,
antibacterial, and anticancer activity at various levels.'** However, despite their functionality and therapeutic potential,
they should be thoroughly studied and investigated before their use, due to their concentration-and-structure-dependent

side effects, toxicity, drug interaction, and stability concerns.>> This highlights the importance of micro/nanocarriers,
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micro and nano-drug delivery systems (DDS) such as liposomes, micelles, nanotubes, nanofibers, and solid lipid
nanoparticles (SLN) along with topically applied hydrogels and devices, and locally implanted scaffolds. These DDS
protect the human body from the loaded drugs’ side effects, guard the drug from metabolic degradation, improve its
bioavailability (enhances its pharmacokinetics), and allow targeted therapy.®” Hence, developing plant-based nanopar-
ticles and DDS facilitates the delivery of huge natural phytochemicals to their site of action.

Bones, the primary component of the skeletal system, are highly metabolically active with a hierarchical structure.
Bone tissue undergoes a continuous cycle of formation and resorption, primarily mediated by two key cell types:
osteoblasts and osteoclasts. This dynamic process is extremely controlled by complex signaling pathways such as
RANK/RANKL pathway, Wnt/B-catenin pathway, bone morphogenetic protein BMP/Smad pathway, nuclear factor
kappa-light-chain-enhancer of activated B cells NF-kB pathway. The imbalance in the specific proteins regulating
these pathways lead to bone disorders.

Bone-related diseases and problems affect millions of people globally, and their incidence of occurrence is steadily
rising. These disorders include osteoporosis, osteoarthritis, rheumatoid arthritis, and bone loss due to injury, fracture, or
trauma. Most of these conditions are age-related, and the long-term use of the available effective drugs is associated with
many side effects.® As a result, there is growing attention in alternative medicine that offer comparable therapeutic
benefits with improved safety profiles. For example, capsaicin-based topical creams have shown promise in alleviating
inflammation associated with rheumatoid arthritis. This review provides an overview of phytochemicals classifications,
the application of natural compounds in bone research, and the challenges associated with utilizing natural extracts as
drugs.

Bone Disorders and Current Therapeutic Approaches

Bone tissue consists of both organic and inorganic parts. The inorganic fraction is made of water and ions mainly calcium
and phosphate in the form of crystalline hydroxyapatite (HA) which is embedded in collagen (COL) fibers. On the other
hand, the organic part is composed of different types of cells, proteins, and extracellular matrix (ECM).® Osteoblasts,
bone-forming cells, are located on the lining surfaces of the bone and develop into osteocytes upon mineralization and
fixation in mature bone tissues. Conversely, osteoclasts are bone-resorbing cells that function similarly to macrophages.-
%10 The bone remodeling process is extremely governed by a highly ordered balanced series of signaling pathways
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controlling both osteoblasts and osteoclasts.” One key protein regulating this process is RANKL, a glycoprotein found on
the surface of osteoblasts. RANKL acts as a ligand for the RANK glycoprotein receptor on osteoclasts regulating their
differentiation, attachment, and activation.” Any deterioration in bone homeostasis leads to disorders and diseases often
due to genetic abnormalities, skeletal injury or defects, developmental problems, chronic inflammation, or bone and joint
degeneration.

Osteoporosis is a silent condition that occurs when the bone’s microstructure and mineralization deteriorate, leading
to weak, non-load bearing bones that are more susceptible to fractures.!' Osteoporosis is a multifactorial disease related
to a number of causes and risk factors such as age, physical inactivity, hormonal change, weight imbalance, underlying
diseases like diabetes mellitus type I and II, rheumatoid arthritis, and hyperthyroidism, drug intake, and genetic
predisposition.”'?™'® Maintaining an active lifestyle and a proper diet containing sufficient amounts of minerals is the
key to the prevention and treatment of osteoporosis.'® Currently available medication for osteoporosis is mainly
bisphosphonates like alendronate and zoledronate, calcitonin, and hormonal therapy.'® Bisphosphonates work by
inhibiting osteoclast binding and activation, thus suppressing bone resorption and turnover.”® Long-term use of these
drugs has many side effects such as chest pain, stomach and esophagus injuries, chronic kidney disease, ulceration,
osteonecrosis, and hypocalcemia.''!

Similarly, osteoarthritis is the most common degenerative disease caused by obesity, aging, or joint injury, where
destruction of the articular cartilage, synovial fluid inflammation, and hypertrophy of bones are the main symptoms.''**
Modifying the lifestyle to a healthier one by weight loss and physical activity is the first line of treatment. For pain
control, non-steroidal anti-inflammatory drugs (NSAIDs) are the safest choice after acetaminophen. If the symptoms
worsen, stronger analgesics such as Cox-2 inhibitors then opioids could be prescribed. However, these drugs have
significant adverse effects, particularly on the kidneys, liver, and gastrointestinal tract.'" Surgical interventions are the
last choice for patients who do not improve with pharmacological treatments.

Rheumatoid arthritis (RA) is a chronic, progressive inflammatory disorder caused by immune system dysfunction. RA
is characterized by increased bone resorption, decreased bone formation, and joint inflammation.’ Currently used
medications for RA are anti-inflammatory drugs (NSAIDs), glucocorticoids, and disease-modifying anti-rheumatic
drugs."" Less pharmacological options and high associated side effects make RA treatment really challenging. As a
result, patients usually tend to prefer alternative therapies including minerals, capsaicin (the active compound in chili
peppers) as a local analgesic and anti-inflammatory, or glucosamine.”® ?*> Glucosamine is a naturally occurring amino
monosaccharide component of glycosaminoglycans (GAG), located in connective and cartilage tissues.*® Glucosamine is
considered a chondroprotective agent due to its function in maintaining cartilage strength, flexibility, and elasticity.**>’
Moreover, glucosamine is the building block for chitosan and chitin, therefore, it is believed that it could stimulate
cartilage regeneration.”*” Yet, deeper investigation should be carried out to confirm its function and any possible side
effects.

Critical-size bone defects are bone defects that cannot heal spontaneously. Bone spontaneous repair is limited; injuries
exceeding 1-3 cm are classified as critical-size bone defects.”® These defects may result from fractures, traumatic
injuries, tumor resection, or congenital diseases.”®* Critical-size bone defects have been managed by bone grafting with
gold standard autogenous grafts,*° or allografts®' and xenografts.*! Nevertheless, all these grafts have drawbacks such as
immune rejection, risk of infectivity in both donor and acceptor sites, immunoreaction, donor-site morbidity, and
psychological complications.>*" Therefore, a new alternative solution was introduced using synthetic materials includ-
ing calcium-based cement, or polymeric scaffolds.>**® Natural compounds with osteoinductivity are a good promising
choice for scaffold functionalization to increase its biocompatibility, bioactivity, and biodegradability.

Main Osteogenesis Signaling Pathways

Mesenchymal stem cells (MSC) in bone tissues proliferate and differentiate into osteoblasts as a response to specific
signaling pathways, mainly bone morphogenetic protein 2 (BMP2) and Wnt/B-catenin pathways as shown in Figure 1.
Both pathways share some common factors and their activation results in osteogenic differentiation. Bone morphogenetic
protein (BMP)s, a subclass of transforming growth factor-beta (TGF-B), are essential in skeletal and tissue development
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Figure | Simple schematic representation of BMP2 and Wnt/B-catenin signaling pathways.

acting as growth factors.***> Wnt ligands are secreted lipid-modified signaling glycoproteins with 350400 amino acids
long ¢

BMP2 binds to its Serine-Threonine kinase receptor, triggering the phosphorylation of Smadl, an intracellular and
transcription regulatory protein, which forms a complex with Smad4. This complex then enters the nucleus regulating
some gene expression, it recruits runt-related transcription factors (RUNXs). RUNX2 specifically is a key marker of
early osteogenic differentiation. RUNX2 upregulates several osteogenic-related genes mainly secreted phosphoprotein 1
(SPPI) encoding osteopontin (OPN), Bone gamma-carboxyglutamate (BGLAP) encoding osteocalcin (OCN), collagen
type 1 a-1 (COLIA1) encoding type 1 collagen that support and strengthen bone tissues, integrin-binding sialoprotein
(IBSP) encoding bone sialoprotein (BSP) the non-collagen protein in bone matrix, SP7 encoding osterix (OSX), and
matrix metalloproteinase 13 (MMP13).%

The canonical Wnt pathway known also as the Wnt/B-catenin signaling pathway is activated by the binding of Wnt
ligands to their transmembrane G-protein receptors and low-density lipoprotein (LDL) receptor-related proteins (LRP5/
6).%%37 B-catenin has two forms, the phosphorylated-ubiquitinated stable inactive form and the active unphosphorylated
one. Glycogen synthase kinase 3f (GSK3f) and B-transducin repeat-containing protein (TrCP) are enzymes causing the
phosphorylation and ubiquitination, respectively.*® Wnt 1, 3a, and 8 bind to the frizzled receptor (Fzd), the G-protein, and
its coreceptor LRP 5 or 6, resulting in the activation of cytoplasmic phosphoprotein dishevelled (DVL). DVL inhibits
GSK3B, resulting in the accumulation of active B-catenin and its internalization to the nucleus, where it binds T cell
factor 1 (Tcfl) and lymphoid enhancer factor (Lef) forming a transcription activation complex. This activates the
RUNX2 promoter, cyclin D1, axin 2, c-Myc, and peroxisome proliferator-activated receptor (PPAR-6) leading to
osteogenic differentiation.**>’” BMP2 itself upregulates Wnt ligands transcription-translation and inhibits TrCP.
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Figure 2 Phytochemical classes and their core chemical structure.

Phytochemicals Classes
Phytochemicals are classified into three main classes, phenolics, alkaloids, and terpenes. Figure 2 shows the phytochem-

ical groups and their core chemical structure.

I. Phenolics with Aromatic Rings and Hydroxyl Groups. Phenolic acids, flavonoids, tannins, stilbenes, curcuminoids,

coumarins, quinones, and lignans are all sub-classes of compounds that contain phenolic functional groups in their
molecular structure. According to the structure-activity relationship (SAR), the catechol and hydroxyl (OH)
groups are responsible for the antimicrobial, antioxidant, and scavenging activities of these phenolic compounds.-
3839 The number and position of OH groups influence bioactivity. Up to four OH groups, especially in an ortho

. . 40,41
configuration, enhance therapeutic effects.>**"

. Phenolic acids including gallic acid, vanillic acid, and caffeic acid enhance immune function and have antiaging,

and anti-inflammatory activity.

. Flavonoids are the largest group of phenolics, characterized by their bright colors and sensitivity to environmental

factors such as light, temperature, pH, and oxygen. Flavonoids such as luteolin, quercetin, and kaempferol serve
as chelating agents, promote cell differentiation, and suppress the activity of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«B).? Flavonoids effectively scavenge reactive oxygen species (ROS) and
chelate metal ions, reducing oxidative stress and mitigating cellular damage. Their ability to promote cell
differentiation is vital for tissue repair and maintaining cellular function. Moreover, by inhibiting the NF-xB
activity, a key regulator of immune response to infection, inflammation, and cancer development, flavonoids may

contribute to alleviating inflammation and potentially slow cancer progression.>***!
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c. Tannins (Ellagitannins) are water-soluble polyphenols that are hydrolyzed by enzymes or pH change, and they are
usually combined with alkaloids, polysaccharides, or proteins forming complexes that can protect tissues and offer
healing properties. These compounds are particularly valued for their antibacterial activity, as they can disrupt
bacterial cell membranes and inhibit bacterial enzymes. Additionally, their astringent effects on mucosal tissues
help protect against ulcer formation by promoting tissue repair and reducing inflammation.*?

d. Stilbenes have two aromatic rings linked with an ethane bridge. The most famous example resveratrol is
extensively studied as an antioxidant and anticancer.’

e. Curcuminoids, particularly curcumin found in Curcuma longa (turmeric) and Zingiber officinale (ginger), are
notable for their vibrant yellow color and significant therapeutic properties. Their anti-thrombotic properties help
prevent blood clot formation, while their anti-inflammatory effects are valuable in managing various inflammatory
conditions.*?

f. Coumarins such as coumarin and xanthyletin can be found in their free or glycoside forms, and they have
antitubercular, antimalaria, and anti-HIV1 activity.3

g. Lignan, with podophyllotoxin being a prominent example, is recognized for its anticancer, antibacterial, and
antiviral properties.**

h. Finally, quinones have strong scavenging properties, antioxidant, and antimicrobial functions.’

I Alkaloids: Nitrogen-containing natural compounds. Alkaloids possess complex, high-molar-mass structures
that are generally neutral or weakly basic and are more soluble in organic solvents than in water. Alkaloids are
colorless, nonvolatile, crystalline compounds.*> Based on the nitrogen atom origin, they are classified into
three groups: true alkaloids, a heterocyclic ring containing nitrogen atoms derived from amino acids; proto-
alkaloids, amino acids-derived non-heterocycle nitrogen atoms; and pseudo-alkaloids when nitrogen atoms are
not derived from amino acids.*® Alkaloids are also classified according to the heterocycle structure they pose
into pyrrolidines, pyridines, tropanes, pyrrolizidines, quinolines and isoquinoline, indoles, and steroids.

They exhibit a broad range of physiological activities. They are the oldest and most successful class of natural
compounds used as drugs.*” Their functional activity, which includes analgesic, local anesthetic, anticancer, antimicro-
bial, antiparasitic, estrogenic, hemoglobinizator, narcotic, and anti-inflammatory, is largely structure dependent.*’
Morphine, colchicine, berberine, piperine, cocaine, dopamine, capsaicin, caffeine, and vinblastine are examples of
functional alkaloids. Alkaloids can be derived from different natural sources including plants, animals, marine, fungi,
and bacteria.*’

III Terpenes and Terpenoids: terpenes are simple hydrocarbons of repeated isoprene unit (5 C), while terpenoids are
their oxygenated derivatives. Terpenes and terpenoids are typically optically active aromatic, colorless, volatile,
nonpolar, and water-insoluble compounds. They exhibit a wide range of pharmacological activities such as
antioxidant, antimicrobial, antiulcer, antiviral, anti-coagulative, antitumor, and immunomodulatory.**® Essential
oils are rich in terpenes and terpenoids, they are readily volatile hydrophobic liquids commonly found in trees,
herbs, and different plants like rosemary, citrus fruits, thyme, coniferous trees, and flowers. Terpenes and
terpenoids are synthesized through the mevalonate pathway, while the phenylpropanoids are synthesized by the
shikimic acid pathway.*® Common examples of terpenes include methane, limonene, camphene, farnesene, and
citronelle; well-known terpenoids are thymol, carvone, linalool, and terpinol; and phenylpropanoids include
cinnamaldehyde, eugenol, and anethol. Carotenoids are the colorful tetraterpenoids responsible for the red,
orange to yellow pigments. Additionally, retinoids and tocopherols are the origin of vitamins A and E,
respectively.”

Drug Delivery Systems

Phytochemical structures have distinctive features giving them both advantages and limitations in drug discovery. Their
complex rigid structure with high molar mass permits better ligand-receptor interactions. Phytochemicals usually have
high H-bond donors and acceptors, with low oil/water partition coefficient (Log P)** making the majority of them
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hydrophobic and insoluble or poorly soluble in water. Thus, limiting their absorption, with high metabolism and fast
excretion rate, ultimately leading to low bioavailability. In pharmaceutics, drugs are classified according to their
solubility and permeability into four classes under the biopharmaceutical classification system (BCS); class I is highly
soluble and highly permeable, class II has low solubility with high permeability, class III is highly soluble with low
permeability, and class IV is low soluble and permeable drugs.’® As other drugs classified on classes II, and III, different
techniques have been investigated to improve phytochemicals’ pharmacokinetics.

Novel strategies have been utilized to enhance the therapeutic potential of such drugs. These include incorporating
permeability enhancers such as surfactants; particle size reduction, increasing the porosity of the formulation, loading the
active ingredient or phytochemical into nanocarriers such as liposomes, micelles, SLN, carbon nanotubes, hydrogels, or
fabricating scaffolds to develop phyto-nanomedicine.”’ Reducing material size to the nano level results in changing its
physical and chemical properties. Nanoparticles or nanostructures are materials having at least one of their dimensions in
the nanoscale (<100 nm).

Nano drug delivery systems have been classified using different approaches. One depends on their dimensionality.
When all the dimensions are within the nanoscale, it is considered as zero-dimensional nanomaterial such as nanopar-
ticles. If one dimension exceeds the nanoscale, the nanomaterial is classified as one-dimensional such as nanofibers,
nanotubes, and nanowires. Nanoparticles are also classified according to their raw materials into different categories:
organic, inorganic, and carbon-based nanoparticles. Organic nanoparticles include lipid-based particles (liposomes,
SLN), polymeric-based particles (polymeric nanoparticles, micelles, dendrimers), and protein complexes. Inorganic
nanoparticles include silica, quantum dots, magnetic, metal and metal oxides, and ceramics. Organic, inorganic, and
carbon-based nanoparticles each offer unique advantages and limitations for biomedical applications. Organic nanopar-
ticles (eg, liposomes, SLNs, polymeric carriers) are highly biocompatible, easily functionalized, and offer controlled
release and low immunogenicity, making them suitable for phytochemical delivery, though they often require stabiliza-
tion and have moderate production costs. Inorganic nanoparticles (eg, gold, iron oxide, silica) excel in imaging and
diagnostic uses due to their high stability and responsiveness to external stimuli, but they pose moderate toxicity risks,
potential immune activation, and are less biodegradable. Carbon-based nanoparticles (eg, carbon nanotubes, graphene
oxide) are extremely stable and useful in biosensing and cancer therapy, but their non-biodegradable nature, potential
toxicity, and scalability challenges limit clinical translation.’* > A detailed comparison between the 3 types is presented
in Table 1.

Table | A Detailed Comparison Between Organic, Inorganic, and Carbon-Based Nanoparticles

(Functionalization)

enabling targeting

targeting specially in tumors

Criteria Organic Nanoparticles Inorganic Nanoparticles Carbon-Based
Nanoparticles
Examples Liposomes, SLN, micelles, polymeric Metallic (gold, silver), metal oxide (iron Carbon nanotubes, graphene
nanoparticles oxide, zinc oxide), silica, bioactive glass oxide
hydroxyapatite
Applicability Efficient delivery of hydrophobic Better for bioimaging, diagnosis, and Biosensors and may be used in
phytochemicals photothermal therapy cancer therapy
Targeting Easy functionalization and ligand binding May be functionalized, usually passive Surface may be modified but

harder and less consistent

strong cationic polymers may increase

toxicity)

produce ROS

Controlled Excellent, can be pH or temperature Moderate, can be triggered by magnetic Can be stimuli responsive
release sensitive (especially liposomes) field, light, or pH
Toxicity Low, usually biocompatible and safe (some | Moderate toxicity, metal oxides specifically Risk of oxidative stress and

inflammation

(Continued)
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Table 1 (Continued).

Criteria Organic Nanoparticles Inorganic Nanoparticles Carbon-Based
Nanoparticles

Biodegradability Polymers and lipids are biodegradable and Not easily degraded, some accumulate in Generally non-biodegradable
safely cleared tissues

Immunogenicity Low immunogenicity, PEGylated particles ROS activates the immune system, Impurities and non-degradable

have stealth effect and reduce immune proinflammatory materials activate the immune
response system
Pharmacokinetics Improved bioavailability and half-life of Long retention and accumulation especially Low clearance and prolonged
phytochemicals; helps overcome first-pass in spleen and liver circulation
metabolism
Stability Stabilization often needed, prone to Highly stable Extremely stable

hydrolysis and oxidation

Clinical Advanced research, some formulations are Metal based nanoparticles are on trials Toxicity concerns
translation available in the market

Scalability The easiest to scale up Feasible Hard to scale up
Production cost Moderate, depends on raw material types High, complex and expensive Lowest, but functionalization

and purification increase the

cost

References [52,53] [54,55] [52,56]

Drugs and phytochemicals can be loaded into DDS through various techniques. Hydrophobic agents can be
encapsulated into nanoparticles for stability, protection, and increase their size-to-surface area enhancing the solubility
and bioavailability. DDS protects the loaded agents from enzymatic degradation and has a stealth effect protecting them
from early phagocytosis clearance and excretion.’> Moreover, it decreases the toxicity and side effects associated with
highly potent drugs thus increasing their biocompatibility.® Nanoparticles may be functionalized at their surface by
targeting ligands permitting site-specific delivery. DDS also provides sustained drug release decreasing the dosing
intervals and drug concentration and stabilizing its concentration in the therapeutic range for a longer time.

Phytochemicals release from nanoparticles can be triggered by pH, temperature, and enzyme reactions. Co-delivery of
multiple active agents including phytochemicals enhance the efficacy of the formulation. Additionally, DDS may be
fabricated in hydrogels, nanofibers, and scaffolds that mimic the extracellular matrix or bone’s hierarchical structure in its
porosity, mechanical strength, and bioactivity.”’ This integration allows their localized drug therapy or implantation thus
enhancing their therapeutic efficiency.

Phytochemicals Studied in Bone Research

Phytochemicals and natural products have been extensively studied for their potential to address bone-related issues and
disorders. The following sections explore pure natural compounds and plant extracts that have been investigated in bone
research. A summary of these phytochemicals is provided in Table 2.

Quercetin

Quercetin is a poorly soluble flavonoid that requires drug delivery systems (DDS) to enhance its therapeutic potential.
Quercetin has been used as a cardioprotective, gastroprotective, neuroprotective, anti-diabetic, and osteogenic agent; due
to its anti-inflammatory, antibacterial activity, and antioxidant properties.”’ *° In two different studies, bone marrow stem
cells (BMSC) were treated with quercetin in the concentration range 1-5 pM; results demonstrated an increase in cell
proliferation, differentiation into osteoblasts, increase in the level of osteogenic-related genes such as ALP, RUNX2, and
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Table 2 List of Some Phytochemicals, Compound Class, Their Natural Source, Chemical Structure, and Biological Function

Active Compound Compound Natural Source Chemical Structure Function Ref.
Family
Quercetin Flavonoid Citrus fruits, grapes, Osteogenesis, antibacterial, anti-inflammatory [58,59]
berries
Berberine Isoquinoline Rhizoma coptidis, - Bone regeneration and remodeling [60,61]
alkaloid barberry, turmeric T
T
s
o
s—/
Acemannan Polysaccharides | Aloe vera Cell proliferation and wound healing [62,63]
Gingerol Phenol Zingiberaceae family o on Anti-tumor, anti-inflammatory, and antibacterial [64,65]
/O
HO’
Zingiberene Terpene Zingiberaceae family Anti-diabetic regulates blood sugar, antioxidant [66]
Withaferin A Steroidal Withania somnifera Anti-inflammatory, anti-diabetic, and weight control [67]
lactone (Ashwagandha) N
Carthamus Yellow Flavonoid Carthamus tinctorius o Antioxidants and anti-obesity activities [68]
l NN N o
Py
wo?” ~
on
(Continued)
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Table 2 (Continued).

Active Compound Compound Natural Source Chemical Structure Function Ref.
Family
Ginseng compound K Ginsenosides Panax quinquefolius Maintain physical strength and bone health, prevent [69,70]
(saponins) = on aging, have antioxidant properties, and protect
™ °. against stress.
OH
o
‘OH
HO!
HO'

Piperine Alkaloid Black pepper (Piper ° Analgesic, immunomodulatory, anti-inflammatory, [71,72]

nigrum), long pepper antibacterial, antioxidant, and anticancer properties

(Piper longum) <° A SN O

o

Curcumin Curcuminoids Curcuma longa, ° ° Anti-inflammatory, antibacterial, antioxidant, and [73]

Zingiberaceae family H4CO. S - oCH; anticancer activity

HO l I OH

Kaempferol Flavonoid Kaempferia galanga L. Anti-inflammatory, antioxidant, and osteogenic [74]
Mangiferin Polyphenolic Mangifera indica, Salacia o o o Anti-inflammatory, antioxidant, antibacterial [75,76]

reticulata O O

(e}
HO' OH
OH o
HO’ OH
OH

78,81

OPN, as well as enhanced antioxidant activity. Quercetin/SLN and lipid nanoparticle/quercetin complexed within

calcium phosphate cement improved the bioavailability of orally administered quercetin as well as enhanced bone
formation and remodeling in rats and restored bone loss and bone microstructure of osteoporotic rats, respectively.®>5
HA/quercetin nanoparticles increased the proliferation and differentiation of MG-63 cells (a human osteoblast-like cell
line).®* In a synthetic polymeric electrospun nanofiber scaffold of polycaprolactone (PCL)/PVP, quercetin doped Mg/Ca/
silicate significantly increased ALP and collagen and showed good antibacterial activity against Gram positive bacteria.®®

Furthermore, a paste of bioactive glass (BG)/hyaluronic acid/alginate/quercetin had a dose-dependent osteogenic
activity on human MSC.”” Calcium silicate calcium sulfate and quercetin fabrication within PCL increased calcium
deposition in vitro.*® In addition, polydopamine (PDA) was used as a linker to bind quercetin to poly(L-lactide) (PLLA)
3D printed scaffold, which increased the expression of osteogenic genes in vitro.”” High-concentration quercetin
inhibited cell proliferation in vitro, while low-concentration quercetin/silk fibroin (SF)/HA scaffold and quercetin/
calcium sulfate hemihydrate/HA composite implanted in rat calvaria defect model and rat tibia defect, respectively,®’”-**
showed new bone formation covering around 80% of the defected area. On the other hand, a dual layer’s electrospinning
scaffold of icariin/PDA/poly(lactic-co-glycolic) acid (PLGA)/chitosan and quercetin/PDA/PLLA/HA/chitosan tested for
bone-cartilage defect repair had minor effects on the 4th week after implantation, while better results after 8 and 12

weeks. However, the chondrogenesis effect was not significant, and quercetin had little effect on COL1.%
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As an anti-inflammatory agent, quercetin decreases M1 macrophage levels which are associated with pro-inflamma-
tory cytokine production, by inhibiting pathways like NF-kB and decreasing the proinflammatory cytokines including
tumor necrosis factor-a (TNFa), IL-1B, IL-6, and inducible nitric oxide synthase (iNOS). It also promotes M2 macro-
phage polarization, which is linked to anti-inflammatory and tissue repair functions, by enhancing pathways like STAT6
and increasing anti-inflammatory Argl, IL-4, and IL-10.°%%%°" Crude quercetin could counteract the inflammatory
effects of TNF-a on BMSC and cell apoptosis, as well as increase bone mineral density (BMD), enhance bone
microstructure, and improve the elasticity and load-bearing of bones in postmenopausal osteoporotic rats.”' Yang and
his colleagues formulated a phyto-nanocomposite of quercetin/mesoporous- bioactive glass (BG) that inhibited the effect
of lipopolysaccharide on M 1. Moreover, downregulated the proinflammatory miRNA miR-21a-5p thus inhibiting NF-«xB,
as well as performing indirect osteogenic and angiogenic activity.”” miR-21a has been reported to be involved in
periodontitis, it upregulates NF-kB signaling thus its deficiency may result in a decrease in alveolar bone loss.>’

A study by Xu et al has shown a 3D-printed scaffold of natural polymer alginate mixed with basic calcium phosphate
nanosphere and quercetin increased ALP, RUNX2, and OCN levels. Moreover, it caused a shift from M1 to M2 creating
a less inflammatory environment and supporting healing in vitro. In vivo, quercetin enhanced bone formation, improved
bone density, and fostered a regenerative environment, supporting bone health.*® Similar results were found with BMSC
and RAW264.7 cells treated with quercetin/HA/poly(glycolide-co-caprolactone) (PGCL) nanocomposite porous-
microspheres.”® Likewise, a hydrogel of hyaluronic acid/polycaprolactone-co-lactide-PEG-polycaprolactone-co-lactide
loaded with quercetin/SLN restored the osteogenic-osteolytic balance in vivo by inhibiting M1 macrophages and
proinflammatory cytokines and increased polarization of M2 and IL-4.>®

Quercetin-loaded-Zein microspheres were crosslinked using gallic acid to chitosan/Basil seed gum (BSG) 3D
hydrogel, which had antioxidant and antibacterial effects.”” Another hydrogel combining SF and chitosan encapsulating
vancomycin and quercetin/PLGA nanoparticles showed a decrease in osteomyelitis, better bone healing and repair in rat
calvaria and tibial defects, and reduced bacterial activity.”?

Berberine

Berberine (BER) is an isoquinoline alkaloid, proven to have many therapeutic activities including anti-inflammatory,
antibiotic, antidiarrhea, anti-diabetic, lipid-lowering effect, and osteogenesis.>**?> However, BER has low solubility
and bioavailability which constrain its therapeutic applications, thus it has been incorporated in many DDS. BER
encapsulated into PEG/soybean/ethylene glycol nanoparticles and SF/Ag/calcium phosphate ceramics found to increase
ALP levels in vitro.”*®” BER was incorporated with porous calcium phosphate ceramic and found to enhance bone
regeneration and increase the levels of ALP, OCN, BMP-2, and RUNX2 in vitro. Moreover, when implemented into a
calvaria defect of ovariectomized female rats, BER increased the BMD, bone volume/tissue volume (BV/TV), and the
area and number of new bones in vivo.”® BER/chitosan-based nanoparticles and PCL/BER/SF nanofibrous scaffold both
have anti-apoptotic activity, the first reversed the cartilage destruction in osteoarthritis model, while the later enhanced
bone formation in type 2 diabetes rat model, could alleviate mitochondrial dysfunction and decreased ROS levels.”"'%° A
polymeric microsphere of PLGA/HA loaded with BER and IGF-1, a growth factor associated with bone regeneration,
showed a synergistic osteogenic differentiation, mineralization, and bone formation in skull defect model with elevation
in osteogenic markers such as OCN, OPN, COLI, and RUNX2.'"!

Xie et al compared two oral doses of BER 50 and 100 mg/kg/day in diabetic rat models induced by a combination of
streptozotocin and a high-fat diet. They found that the lower dose had minimal effect on bones while the higher dose
increased the plasma OCN levels significantly and reduced the TRAP levels, a marker for osteoclastogenesis.”
Pioglitazone (Pio) is a thiazolidinedione that increases insulin sensitivity but has a negative effect on bones. BER at
100 mg/kg/day dose was administered orally to male type 2 diabetic rats with/without Pio; BER counteracted the
negative effect of Pio, increased the RANKL and OPG mRNA, and inhibited the RANKL osteoclast formation while
increasing the expression of OCN and RUNX2.'%> However, another group of scientists did not totally agree with these
results. They argued that the previous results were recorded due to the high dose of BER and long treatment duration.
They administered 50 mg/kg/day of BER to type 1 diabetic rats orally for 4 weeks, which they indicate is equivalent to
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2.5 years in humans and it should be enough treatment period in rats. However, they found that the BER effect on bones
was not significant and could not be used as a prevention of bone resorption in diabetes.'*

BER extract was examined for its antibacterial effect against Porphyromonas gingivalis and it strongly suppressed its
growth. In the same study, the BER extract on concentrations of 1-10 uM was used to treat BMSC and was able to
increase the expression of some bone-related genes such as ALP, COL I, OCN, OPN, and OSX and was found to act
through the Wnt/B-catenin signaling pathway.'®* This conclusion was also verified when the BER was incorporated with
HA into cellulose acetate electrospun nanofibers.”

A dose-dependent effect of BER on osteogenesis and bone healing in vitro and in vivo with a 3D PCL/gelatin/BER
nanofiber scaffold,'” and PCL/COL electrospun nanofiber when implanted in rats calvaria defects for 8 weeks. The
PCL/COL/BER-based nanofiber promoted cell differentiation, increased BMD and enhanced new bone and collagen
formation.®'

Piperine
Piperine (Pip) is a bioactive water-insoluble alkaloid with therapeutic activity like analgesic, and immunomodulatory.”"-"*
Hence, Pip has been widely used in traditional medicine for inflammation, degenerative diseases, and gastrointestinal,
and respiratory disorders.”*'% MC3T3-E1 cells treated with Pip showed an increase in ALP, Runx2, mineralization
levels, distal-less homeobox 5 (DIx5), and an inhibitor of DNA-binding 1 (Idl), which promotes osteoblast
differentiation.”! DIx5 is a bone-induced transcription factor regulated by BMP2 playing an essential role in osteoblast
differentiation.'®”"'*® Similarly, Id1 is a transcription factor responsible for cell differentiation, cell cycle progression, and
apoptosis which is also upregulated by BMP and stimulates osteoblast differentiation.'®*''°

Similar results were obtained when Pip extract (S5ug/mL) was applied on human Wharton’s Jelly mesenchymal stem
cells (WIMSCs), where cell apoptosis was reduced and Ca deposition, mineralization, and osteogenic genes were
upregulated.”” Pip not only induces osteoblast differentiation but also inhibits osteoclastogenesis. This was demonstrated
by Li et al investigation in ovariectomized-osteoporotic mice models, recording that orally administered Pip promoted
new bone formation, increased minerals deposition, biomechanical parameters, and BMD in a non-dose-dependent
manner.'"" Moreover, another study focused on the effect on osteoclasts showed that the water extract of Piper longum
decreased TRAP levels in a dose-dependent manner while increasing the viability of bone marrow cells. Additionally, the
extract exhibited direct inhibitory action on osteoclast precursors as it suppressed the expression of c-Fos and Nfatcl
which are important factors for osteoclast differentiation but increased the inhibitory Mafb and Irf8. Overall inhibiting the
RANKL osteoclastogenesis pathway in vitro, as well as enhancing BMD and bone microstructure in vivo.'®

Additionally, Pip/SLN gel formulation relieved inflammation measured by a reduction in TNF-a and reduced paw
volume in tested rats.''? Pip/bovine serum albumin nanoparticles administered intraperitoneally to adjuvant-induced
arthritis rats significantly alleviated joint and bone inflammation, and decreased IL-17, and bone erosion; interestingly,
Pip was more potent in the suppression of fibrin deposition.''® Although a higher concentration or faster release should
be tested, Pip-based nanofibrous PCL electrospun scaffolds were implanted in tibia defects and showed little improve-
ment in bone regeneration.''® Due to its pharmacological activity, Pip was combined with the chemotherapeutic
doxorubicin (DOX) to check its anticancer activity and its ability to increase the sensitivity of DOX on cancer cells.
Pip/DOX combination showed synergistic effects on two osteosarcoma cell lines U20S and 143B cells, where cell
proliferation was dramatically inhibited, and tumor volume and weight were significantly reduced.''® The study also

claims that Pip can protect and reduce the cardiotoxicity of DOX.

Curcumin

Curcumin (Cur) is a hydrophobic curcuminoid recognized for its anti-inflammatory, antibacterial, antioxidant, and
anticancer activity,”* therefore, curcumin has been extensively investigated in such research. Cur has very low bioavail-
ability and is usually fabricated in DDS. Cur was encapsulated into liposomes and loaded into calcium phosphate 3D
printed scaffold, interestingly showing both osteogenesis effect on human fetal osteoblast cells (WFOB) and anticancer
effect on osteosarcoma MG63 cells. This may be explained by the fact that Cur prevents the phosphorylation of
inhibitory kappa beta (Ikp) which will keep binding the NF-kB preventing its activation and thus promoting tumor
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cell apoptosis.''® In another study, the PCL/polyethylene glycol (PEG)/Cur/tricalcium phosphate (TCP) scaffold demon-
strated superior results over PLGA/PEG/Cur/TCP for in vitro Cur release, biocompatibility, and cell adsorption
capability. The 3D printed PCL/PEG/Cur/TCP scaffold promoted osteoid and blood vessel formation significantly on
femur defect.''” Senthil and Cakir formulated a bone apatite composed of demineralized bone matrix, calcium sulfate
hemihydrate, Cur nanoparticles, and Ag nanoparticles which has good antibacterial activity and good potential for dental
tissues repair.''®

In a different approach, Pip inhibits hepatic glucuronidation and drug metabolisms, thus Cur was combined with Pip
to enhance its bioavailability. Orally administered Cur/Pip for periodontitis treatment showed a significant increase in
TGF-B, COL1, IL-10, notable bone repair, and healing gingival tissues, while decreasing NF-«kB.''> An herbal prepara-
tion combining Cur, Pip, papain, and bromelain was tested in vivo in adult and embryonic zebrafish models. Cur
increased bone mineralization by 40% in the adult zebrafish model at a concentration of 250 nM, while acting as a
protective agent against prednisolone-induced osteoporosis, moreover, counteracted its effect by increasing ALP levels
and decreasing TRAP in the embryonic model.'*® Cur/Pip polymeric micelles loaded into TCP 3D-printed scaffold
showed good chemoprotective activity and enhanced osteoblast proliferation and differentiation in vitro.'*!

A degenerative osteoarthritis rat model was used to check curcumin’s effects on chondrocytes. Cur alone did not
improve cell proliferation or migration of chondrocytes, however, interestingly when co-cultured with BMSC it did.
Moreover, Cur/BMSC increased the COL2, SOX9, and Aggrecan on mRNA and protein levels and decreased the
osteoarthritis score in vivo.*

Conventional anticancer drugs and treatments have many limitations and side effects, thus new methods, agents, and
combinations are always examined and developed. Photothermal therapy (PTT) is the use of locally generated heat from
a laser to kill cancer cells. Curcumin was incorporated in PLGA microspheres suspended in a thermosensitive hydrogel
and applied in vitro on K7M2wt osteosarcoma cells, BMSC, and in vivo. The hydrogel showed anticancer activity in
vitro with enhancing BMSC differentiation into osteoblast measured by the increase in ALP and mineralization, and
sustained release of Cur in vivo along with thermal treatment that led to tumor cell apoptosis.'** A similar approach was
used with superparamagnetic iron oxide nanoparticle (SPION) coated with Cur immersed in a polymeric layer and found
a synergistic effect of Cur and hyperthermia, especially at 41°C.'*

Kaempferol

Kaempferol is a yellow crystalline, slightly water-soluble, natural flavonoid. Green leafy vegetables, tea, apple,
Kaempferia galanga, and Polygonum tinctorium are rich of kaempferol. As a flavonoid, kaempferol has antioxidant,
anti-inflammatory, antimicrobial, and antitumor activity.”*'** Kaempferol counteracted cell apoptosis, cell cycle arrest,
and proliferation inhibition effect of dexamethasone glucocorticoid. Furthermore, it increased osteogenic factors (ALP,
0SX, RUNX2, cyclin DI) and activated the cellular proliferation and differentiation p38 MAPK pathway.'*” In
osteoporotic rats, kaempferol/metformin combined treatment resulted in increasing bone formation markers while

suppressing bone resorption markers, along with enhancing angiogenesis.'**

Micro-nano titanium implant doped with
kaempferol showed anti-osteoporotic ability promoting osteogenesis and bone regeneration.'*° In two different studies,
kaempferol was encapsulated into albumin nanoparticles and formulated in PCL nanofibrous scaffold, once for bone
regeneration and another for cartilage repair and showed promising results.'?”'?® Kaempferol was loaded into zein-
coated bioactive glass scaffold and implanted in rat defect model causing new bone formation and regeneration with
elevation in OCN, OPN, COLI genes and Ca deposition.'*® Moreover, kaempferol loaded gelatin nanoparticles coated
with hyaluronic acid showed positive effects on osteoarthritis rat model by reducing the inflammation, inhibiting matrix
degradation and subchondral sclerosis, and restored cartilage thickness.'*°

Kaempferol at a concentration of 1uM enhanced the proliferation and differentiation of periodontal ligament stem
cells (PDLSC) through the Wnt/p-catenin signaling pathway.'*'

enhanced osteogenesis via increasing SOX2 levels which inhibited the transcription of miR-124-3p in rBMSC. miR-124-

Moreover, at a concentration of 10uM kaempferol

3p plays an essential role in inhibiting osteogenic differentiation through the inactivation of the PI3K/Akt/mTOR
pathway.'** Another miRNA that was downregulated by kaempferol is miR-10a-3p in osteoporotic ovariectomized
rats. miR-10a-3p binds the chemokine CXCL12, which regulates the balance between bone formation and resorption,
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preventing osteogenic differentiation.”* In the same study, kaempferol increased OSX, CXCL12, and RUNX2 levels in
vitro and enhanced the BMD and bone microstructure in vivo.

Mangiferin

Mangiferin (MAN) is a xanthone glucoside, a polyphenolic compound, mainly presented and extracted from mango trees
(Mangifera indica), and Salacia reticulata.'>> MAN has a noticeable antioxidant, anti-inflammatory, and antiviral activity
and has been reported to decrease bone destruction and osteoblastic ferroptosis.”>'** 3¢ As many other phytochemicals,
MAN is poorly soluble in water and thus has low bioavailability, therefore, MAN-based nanomedicine could permit its
therapeutic utilization in various health conditions.'?*!3?

Pure MAN was found to increase ALP and RUNX2 levels while decreasing TRAP in vitro.”> Oral administration of
pure MAN to bilateral ovariectomized mice restored the osteogenic marker levels to the normal range and alleviated
osteoporosis and He et al suggest that MAN acts through the AXL/ERKS5 pathway.'*” MAN-enriched bicalcium
phosphate cement loaded with manganese and HA increased osteogenic gene markers.'*® Furthermore, immunostimu-
latory CpG oligonucleotide/MAN incorporated into calcium alginate hydrogel proved to have anti-inflammatory and
antibacterial activity against Porphyromonas gingivalis, as well as promoted new bone formation and inhibited osteo-
clastogenesis in vitro.'** PLGA/MAN scaffold promoted bone regeneration in alveolar bone defect in diabetic rats.'
Moreover, pretreatment of MAN significantly alleviated dexamethasone-induced injury and inflammation and restored
the osteogenic gene expression (ALP, OPN, OCN, OPG).”® A MAN hybrid nanocomposite of chitosan-silica-zinc oxide
nanoparticles increased mineralization and apatite formation in vitro.'*’ The anti-inflammatory properties of MAN were
investigated through hyaluronic acid/methotrexate nano-drug targeting cancer cells,'*' and MAN-loaded nanotransetho-

some gel for rheumatoid arthritis.'**

Plant Extracts Use in Bone

Cissus Quadrangularis Extract

One of the most studied plants for bone therapy as an osteogenic and anti-osteoporotic agent is Cissus quadrangularis
(CQ) from the Vitaceae family known as Hadjod. CQ was first used in traditional medicine, as people started using the
stem for bone regeneration and fracture healing.'*® This bioactivity may be attributed to the synergistic effect of its
phytochemicals; since CQ is rich in vitamins, steroids, tannins, carotenes, polysaccharides, ascorbic acid, potassium,
iron, zinc, and calcium.'**'** Therefore, CQ has been tested and proven to have antioxidant, anti-microbial, anti-
inflammatory, and osteogenic activity.'*>'4¢

Several in vitro studies on stem cells showed that CQ enhanced their differentiation into osteoblasts, increased
mineralization, and in some cases increased osteogenic genes (RUNX2 and OCN) expression. The CQ in these studies
were incorporated into polymeric scaffolds such as alginate/O-carboxymethyl chitosan/CQ,'*” CQ/gelatin/pectin/p-
TCP,'*® and electrospun fibrous PCL/CQ/graphene oxide (GO) scaffold.'*® Other in vivo studies have also been
conducted, Gupta et al prepared nano-HA, a-calcium sulfate hemihydrate nano-cement loaded with CQ and found that
it enhanced proliferation and differentiation of C2C12 and MC3T3-E1 cells in vitro as well as enhanced bone formation
and defect healing with better Ca and COL deposition in vivo after 8 weeks of treatment.'*’

Although the TCP/PDA-CQ 3D printed scaffold did not show good results in vitro, as the ALP levels increased only
in dynamic cell culture while calcium deposition did not form in such media, the in vivo results showed new bone
formation with increased osteoinductivity and osteogenesis after only 4 weeks of implantation.">® PCL/CQ nanoparticles
exhibited an increase in ALP level, COL deposition, and osteoid accumulation in vivo in a 6-week study.'>' In another
study, a PCL/GO/CQ electrospun scaffold coated with human umbilical cord-derived mesenchymal stem cells
(hUCMSC) was implanted into calvaria defect, after 12 weeks of the implantation results showed some improvement
in osteoblast differentiation, defect closure, ALP and OCN levels compared to other groups including PCL/hUCMSC and
PCL/GO/CQ.'*

CQ crude extract was administered orally to female ovariectomized mice in 500 mg/kg/day dose to study its anti-
osteoporotic effect. The 45 day-long-study revealed that CQ extract enhances bone mass by increasing BMD, reducing
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the differentiation and activity of osteoclasts, as well as increasing the anti-inflammatory cytokines producing cells Breg
and Tregs while suppressing the osteoclastogenic Th17 cells.*!

Aloe Vera

Aloe barbadensis Miller, commonly known as Aloe vera (AV), contains many different active compounds, especially in
the gel part. This includes vitamins, lignin, saponin, proteins, minerals, and polysaccharides.®> AV has two main active
polysaccharides, Acemannan and Glucomannan, as well as a growth hormone gibberellin which increases cell prolifera-
tion through the activation of fibroblast growth factor receptors.'”> AV has anti-inflammatory, antibacterial, tissue
regeneration ability, and cooling effect, so it is widely used for wound and burn healing.>* Therefore, researchers
have tested it for bone regeneration ability.

A titanium implant was coated with chitosan/AV/HA incorporated with silicon (Si**) and silver (Ag") ions; AV
exhibited some antibacterial function in vitro. As well as Ag/Si/HA/AV titanium implant also increased osteoid formation
significantly and improved mineralization and bone volume in vivo after 5 weeks of implantation.'>® In studying the
effect of AV on MG-63 cells, AV was incorporated into electrospun PCL/PEG nanofibers and it caused an increase in Ca
deposition.® It was also formulated with starch/BG/Quail eggshell in a freeze-dried formulation and showed an increase
in OCN and OPN levels.®® Interestingly, the AV/HA/Mg porous composite showed a good antibacterial effect against
Gram-positive B. subtilis but not against Gram-negative E. coli.'> The incorporation of AV into a PLA 3D-printed
scaffold significantly enhanced bone cell attachment (adsorption) and proliferation compared to PLA alone.'>* However,
loading AV into a collagen sponge containing mesenchymal stem cells derived from human dental pulp stem cells
(hDPSCs) showed no significant improvement in osteogenic activity, as indicated by unchanged OPN levels, regardless
of the presence of AV.'>> While AV may exhibit promising wound-healing and anti-inflammatory properties, its impact
on bone healing and regeneration was not notably significant.

Ginger Extract
Ginger (Gin) is a member of the Zingiberaceae family, which is widely found in Asian countries. Its roots are rich in
phytochemicals, including phenolic compounds like gingerol and terpenes such as zingiberene and f-
sesquiphellandrene.®* Gin has been traditionally used for its anti-inflammatory and antibacterial function in many
medical conditions.** And so, it has been extensively studied as an immune modulator, anti-tumor, anti-diabetic, anti-
inflammatory, and antibacterial.®>

In bone-related research, Gin was combined with curcumin extract in a COL/HA scaffold, which had anti-inflam-
matory activity as well as increased bioactivity and biocompatibility, and the expression of RUNX2 and COL1 was
upregulated.®> COL/B-TCP scaffold loaded with Gin was implanted in a mandibular defect in rats with and without
synovial membrane mesenchymal stem cells (SM-MSC), the scaffolds showed an anti-inflammatory effect, upon the
addition of SM-MSC bone repair was accelerated.®® In another study, Gin and garlic extracts were loaded in a 3D printed
PCL/B-TCP/PEG scaffold which was implanted into a rat distal femur model. This scaffold increased the osteoid
formation after 4 weeks of implantation, mineralization, and COL1, and decreased bone resorption while showing new
blood vessel formation after 12 weeks of implantation.'*® In periodontitis model, Gin-exosome like nanoparticles
reduced the inflammation, exhibited antioxidant activity and increased the proliferation of collagen fibers.'>” Likewise,
6-shogaol, an active ingredient of ginger, prevented osteoclastogenesis and alveolar bone resorption, decreased IL-1p and
TNF-a and inflammation in mice periodontitis.'*®

In addition, a completely natural ointment composed of Gin/turmeric/chili pepper/rose oil distributed in an oily base
paste of sesame/black seed/olive oil was prepared for musculoskeletal pain relief and bone repair. The formula was tested
in vitro on different cell types and in clinical studies; its results showed an increase in osteogenic-related genes like
RUNX2, COLI, COL2, OCN, and OPN, and decreased inflammation markers and signs.'*”

Other Natural Agents Used in Bone-Related Research
The field horsetail (HT), scientifically known as Equisetum arvense, has been used in herbal medicine to treat different
cardiovascular conditions and inflammation.'®® The analysis of HT extract found that it contains many active
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components; such as B-sitosterol, campesterol, flavonols such as kaempferol and quercetin, lignin, and many minerals
mainly silica, potassium, calcium, and phosphate.'®® This combination of active materials encouraged researchers to test
HT for bone regeneration and repair ability. HT was fabricated with PLA/HA using an electrospinning technique and
showed an increase in ALP levels and calcium deposition in vitro.'®" HT extract may be useful in bone tissue-engineered
scaffolds due to its silica, calcium content, anti-inflammatory, and antibacterial activi‘[y.160 However, more in vitro and in
vivo studies should be carried out to justify HT extract use and mechanism of action.

Ashwagandha (Withania somnifera) contains a steroidal lactone withaferin A (WA), which has anti-inflammatory,
anti-diabetic, and weight control functions.®” WA incorporation in bone cement/chitosan microparticles was found to
increase MC3T3-E1 cell proliferation and ALP levels.'®> WA/alginate/BCP microspheres have also increased osteogenic
markers in vitro.'®® WA inhibited adipogenesis, favored osteogenesis, and improved bone microstructure in bone marrow
cells of obese rats.®’

Safflower (Carthamus tinctorius) main active compound is hydroxy-safflower yellow A (HSYA) or Carthamus
yellow. As its name indicates, it has a yellow color and thus is used as a coloring agent in food and cosmetics. HSYA
has some antioxidants and anti-obesity activities.®® In in vitro osteoarthritis model, HSYA alleviated the oxidative stress
and reduced both IL-1B and TNF-a.'®* HSYA was examined for its angiogenesis ability against HUVEC-12 cells and
osteogenesis against BMSCs, which proved to increase blood vessel count and hypoxia-inducible factor-1a (HIF-1a),
vascular endothelial growth factor (VEGF), and angiopoietin-2 as well as osteogenic-related factors ALP, Runx2, and
OPN.'® When incorporated into a 3D printed scaffold of BG/chitosan/alginate, HSYA promoted angiogenesis and
osteogenesis of BMSC and rat cranial defect.®® Further, when administered by gavage to osteoporotic female rats model,
HSYA restored the balance between osteoclast and osteoblast, increased COL1 and 2, and reduced the expression of
carbonic anhydrase 2.'°® N-(p-Coumaroyl) serotonin and N-feruloyl serotonin were extracted from the safflower plant
and tested on osteoarthritis, where they restored the cartilage dysfunction by inhibiting the Inhibitor of kappa B (IkB)
degradation and thus blocking NF-kB pathway.'®’

As for other types of honey, manuka honey (MH) which is a special honey produced specifically from the manuka
tree, Leptospermum scoparium, MH is full of phenolic compounds and has antioxidant, antibacterial, and anti-inflam-
matory properties.'®® MH/BG/zein protein scaffold was prepared and its antibacterial activity against Staphylococcus
aureus was confirmed, but due to its burst release the formulation should be optimized.'®® MH effect on bone
regeneration in vivo was examined by Robertson et al who found that MH did not have any positive effects on bone
regeneration.'””

Ginseng from the Araliaceae family, is rich in saponins called ginsenosides and other phenolic compounds, vitamins,
and minerals. Ginseng is well known to maintain physical strength and bone health, prevent aging due to its antioxidant
properties, and protect against stress.*”’® The main ginsenoside, ginseng compound K (CK) was found to promote cell
proliferation and the expression of osteogenic genes OCN, OPN, and COLI expression when incorporated with chitosan/
biphasic calcium phosphate microspheres.'”! CK-treated rats with bone femoral fracture presented faster healing and
healthier bone formation as well as triggered angiogenesis.” A titanium nanotube modified with ginseng extracts and
implanted in an edentulous mandibular defect site showed increased bone formation with high BMD, BMP-2, BMP-7,
and COL1 expression.””

On the other hand, other natural compounds were also fabricated on scaffolds for bone engineering purposes but did
not show significant effects. For example, Linum usitatissimum known as flaxseed or linseed is rich in omega-3
polyunsaturated fatty acids, lignans, fibers, and magnesium and has been known to have bone formation ability.'’?
Flaxseed was incorporated in HA/alginate hydrogel and neither had a significant antioxidant effect nor a positive effect
on cell proliferation.'” Cinnamon oil was loaded into the BG scaffold and showed good antibacterial and antioxidant
activity. However, the scaffold was not biocompatible with MG-63 cells.!”* Although Lemongrass oil (LGO) is assumed
to have antibacterial and antioxidant activity, S. aureus viability did not decrease below 70% when cultured on chitosan/
hydroxypropyl methylcellulose/HA/LGO scaffold even with high concentrations.'”” Pomegranate peel extract was
incorporated into PCL electrospun fibers and was biocompatible with bone marrow-derived stem cells, but further
studies are required to check its favorable additive effects on bones.'’® Brucine obtained from Strychnine semen was
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integrated into the 3D-printed scaffold of PLLA/Polyglycolide due to its known antibacterial, anti-inflammatory, and

analgesic effects. Despite proving the antibacterial activity, brucine had toxic effects on MG-63 cells.'”’

Commercially Available Natural Supplements

Nowadays, since people’s demand has increased for natural products and naturally derived compounds instead of
synthetic drugs, many dietary supplement companies have become World Health Organization (WHO), and Food and
Drug Administration (FDA) approved to synthesize nutraceuticals. Some examples of the natural compounds and

extracts mentioned in this review that are commercially available in the market are listed in Table 3.

Table 3 List of Some Commercially Available Natural Extracts and Compounds

Active Agent

Natural Source

Claims

Concentration

Available Brands

Hadjod extract

Cissus quadrangularis

Bone and joint health support
help in osteoporosis

500 mg capsules

Bulk Supplements®

1000 mg capsules

Bronson®

1200 mg capsules

Nutricost®

Extract capsules

Search Wellness®

Extract capsules

Himalaya Pure Herbs®

Horsetail extract

Equisetum arvense

Skin, hair, and nail health

440, 870 mg capsules

Nature’s Way®

500, 800 mg capsules

Bio Krauter®

Concentrated extract 800 mg capsules

Piping Rock®

Tea bags Celebration Herbals®
Berberine Goldenseal, barberry, Metabolism & cholesterol support, Gl & immune support | 500 mg capsules Himalaya®
and Oregon Grape
Powerful AMPK activator and may support 500 mg capsules Double Wood
cardiovascular health Supplements®
Supports normal blood sugar levels, healthy cholesterol 600 mg capsules Sunshine Nutrition ®
levels
and healthy metabolism
Antioxidant properties Extract Horbaach®
Quercetin Dimorphandra mollis Supports immune system 500 mg capsules California Gold
Nutrition®
Jarrow Formulas ®
Naturesplus®
Support immune system, brain, and heart, antioxidant, 1000 mg capsules Bulk Supplements®
anti-inflammatory
Ginger Zingiber officinale Help reduce nausea, support a healthy stomach, support | 250 mg capsule Doctor’s Best®
immune health
Promotes Gl comfort, cardiovascular function 550 mg capsules Now Supplement®
Digestive support 1100 mg capsules Nature’s Way®
Raise immunity, prevent colds, strengthen the intestines, 1200 mg capsules Natural Factors®
prevent nausea, and regulate the movement of digestion
Piperine Piper nigrum Nutrient absorption enhancer 10 mg capsules Swanson®

Nutrient absorption, a potent antioxidant

30 mg capsules

Super Smart®

Promotes nutrient absorption

10 mg capsules

Source Naturals®

Improve nutrient absorption, metabolism stimulation,

anti-inflammatory, antioxidant, and digestion support

25 mg capsules

Vitasanum®

(Continued)
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Table 3 (Continued).

Active Agent

Natural Source

Claims

Concentration

Available Brands

Curcumin Turmeric (Curcuma Joint mobility and support 740 mg capsules Organic India®
longa)
Brain, joint and wellness herb 250, 500 mg capsules organic extract Paradise Herbs®
Anti-inflammatory, reduce joint pain 600 mg capsules Holland & Barrett ®
Antioxidant 450 mg capsules + 50 mg extract Nature’s Bounty ®
Curcumin + Curcuma longa + Piper Curcuma aids digestion. Piperine enhances the Turmeric extract 500 mg + black pepper extract 5mg. | Alter Medica Jan
Piperine nigrum absorption of turmeric and helps regulate the digestive Szupina®
tract.
Powerful joint pain relief, anti-inflammatory antioxidant Curcumin 1300 mg + Black Pepper I5 mg capsules Nutriflair®

Antioxidant joint supplements, muscle, and brain support

Curcumin extract 2250 mg + Piperine extract |15 mg

Purity Labs®

stomach

extract 300 mg+ Piper nigrum extract 10 mg capsules

capsules
Anti-inflammatory, antioxidant Curcuma longa extract 800 mg + curcumin 500 mg + | Healthyhey®
Piper nigrum extract 10 mg capsules
Curcumin + Ginger Curcuma longa + Enhance bioavailability, support joint comfort and Curcuma longa extract 2250 mg + Zingiber officinale Nutriflair®
+ Piperine Zingiber officinale + mobility extract |05 mg+ Piper nigrum extract |15 mg capsules
Piper nigrum
Joint and muscle support, immune support, comfort Curcuma longa extract | 100 mg + Zingiber officinale Bioschwartz®

Abbreviations: ALP, Alkaline phosphatase; AV, Aloe vera; BER, Berberine; BG, Bioactive glass; BGLAP, Gamma-carboxyglutamate protein; BMD, Bone mineral density; BMP,
Bone morphogenetic protein; BSP, Sialoprotein; CK, Ginseng compound K; COL, Collagen; CQ, Cissus quadrangularis; Cur, Curcumin; DDS, Nano-drug delivery systems;
DIx5, Distal-less homeobox 5; DOX, Doxorubicin; DVL, Dishevelled; ECM, Extracellular matrix; Fzd, Frizzled receptor; Gin, Ginger; GO, Graphene oxide; GSK3p, Glycogen
synthase kinase 3f3; HA, Hydroxyapatite; HSYA, Hydroxy-safflower yellow A; HT, Horsetail; IBSP, Integrin-binding sialoprotein; Id |, Inhibitor of DNA-binding |; IkB, Inhibitor
of kappa B; Lef, Lymphoid enhancer factor; LGO, Lemongrass oil; LRP, Low-density lipoprotein receptor-related proteins; MAN, Mangiferin; MH, Manuka honey; MSC,
Mesenchymal stem cells; NF-«xB, Nuclear factor kappa-light-chain-enhancer of activated B cells; NSAID, Non-steroidal anti-inflammatory drugs; OCN, Osteocalcin; OPG,
Osteoprotegerin; OPN, Osteopontin; OSX, Osterix; PCL, Polycaprolactone; PDA, Polydopamine; Pio, Pioglitazone; Pip, Piperine; PLGA, Poly(lactic-co-glycolic) acid; PLLA,
Poly(L-lactide); PTT, Photothermal therapy; RA, Rheumatoid arthritis; ROS, Reactive oxygen species; RUNX, Runt-related transcription factors; SF, Silk fibroin; SLN, Solid
lipid nanoparticles; SPPI, Secreted phosphoprotein |; Tcfl, T cell factor |; TCP, Tricalcium phosphate; TGF-f, Transforming growth factor-beta; TNFa, Tumor necrosis
factor-a; TrCP, B-transducin repeat-containing protein; WA, Withaferin A.

Challenges of Using Natural Medicinal Plants

People have utilized natural medicinal plants in traditional medicine for centuries, especially before the development of
synthetic drugs. These plants proved to have therapeutic activity and were beneficial up to certain limits. However,
medicinal plants and natural agents use have several limitations and challenges. Firstly, most active compounds exhibit
poor water solubility, low intestinal permeability, and rapid metabolism and elimination shortening their half-lives. These
factors collectively result in poor pharmacokinetics of natural compounds. Moreover, the short half-lives require more
frequent administration or the development of sustained release formulations such as nanoparticles.

In addition, standardization of dosage is a persistent challenge. Plant composition can vary between plant parts used
like roots, stems, leaves, or fruits, or due to inter/intraspecies variation, time of harvesting, or even environmental and
geographical factors such as weather, rain, soil, and solar radiation.>*° This lack of consistency makes it difficult to
determine optimal dosing regimens and can lead to variability in therapeutic outcomes.

Another major concern is the safety and toxicity limits. The whole plant crude extract or powder contains a mixture of
different compounds that vary in composition and concentrations, making it challenging to determine their safety and
potential interactions. Even though plants are considered relatively safer than synthetic drugs, there is no completely safe
substance, and as Paracelsus stated all substances are poisonous.'' Many phytochemicals lack comprehensive toxicolo-
gical profiles, and long-term studies assessing chronic use, potential accumulation in tissues, and organ-specific toxicities
are limited. Additionally, natural compounds may interact with conventional drugs potentially leading to adverse drug
interactions or altered pharmacodynamics.

Moreover, it is difficult to determine the efficacy and optimize the dose of a plant mixture. Therefore, recognition,
spotting then separation of the active component could be a better choice. However, it is tedious, time and money-
consuming, needs to be optimized, and is a multi-step process.*’ Also, the stability of the plant extracts and active
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components is low, and they may not withstand process conditions such as high temperatures or organic compounds. And
thus, carefully adjusted and well-monitored conditions and procedures should be used.

Additionally, different extraction techniques may result in different compositions and concentrations of the same
extracted sample.'?® That is why there is no guarantee of the reproducibility of the plants’ activity or composition
analysis results and leading to batch-to-batch variations. All these factors raised the surge to make a standardization of
plant taxonomy, used parts, extraction and separation methods, as well as quality control over medicinal plant studies.>"'!

In addition, most of the natural compounds are marketed as dietary supplements rather than pharmaceuticals without
clear standard testing and approval strategies from the regulatory agencies. This regulatory ambiguity makes it challen-
ging to ensure the safety, efficacy, and quality of these products.

Still, the identification of natural active compounds and their use in pure form is advantageous and beneficial and
overcomes most of these challenges. In addition, incorporating the medicinal compound or plant extract into ceramics or
polymeric scaffolds, micro/nanoparticles including liposomes, micelles, nanotubes, mesoporous silica or bioactive glass
can lead to its controlled release, targeted delivery, and reduced systemic side effects.

Conclusion

To summarize, nature is rich in phytochemicals with potent biological activities and potential to be developed into drugs.
Traditionally, many plants and herbs were used as therapeutic agents especially when there were no synthetic drugs
available for certain health conditions. Plants full of flavonoids, terpenoids, and alkaloids possess important antioxidants,
anti-inflammatory, and anticancer activity. Looking closer into bone therapy, different phytochemicals proved to promote
osteogenesis and inhibit osteoclastogenesis activity stimulating bone formation and maintaining bone remodeling
balance.

Nano-formulations such as quercetin/SLNs, berberine-calcium phosphate ceramics, and curcumin/liposome
embedded 3D printed scaffolds showed enhanced cellular uptake, targeted delivery, and sustained release, significantly
improving bone tissue responses. Animal studies consistently showed that phytochemical loaded nano-preparations
improve bone mineral density, promote new bone formation, restore microarchitecture, and reduce inflammatory markers
in models of osteoporosis, osteoarthritis, and bone defects. Fabricating these phytochemicals or plants into nanoparticles
or formulating them as nanomedicines boosts their function and benefits.

Although utilizing natural compounds as therapy is challenging, it is still a promising alternative for synthetic drugs
with high adverse effects. However, translating these promising findings into clinical practice requires extensive research.
Key priorities include the standardization of phytochemical content, precise dosage optimization, thorough assessment of
long-term safety, and navigation of regulatory requirements. Comprehensive preclinical and clinical trials are essential to
confirm their therapeutic effectiveness and ensure safe clinical application.
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