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Abstract: Osteoporosis is characterized by low bone mass and structural deterioration of bone tissue with
increased risk of fracture. The population that is most at risk for primary osteoporosis includes post-
menopausal women. Among different approaches, nutraceuticals are increasingly popular in developed
countries since can contribute to bone health and can delay the onset of pathological bone loss. Our review
covers three main aspects. Firstly, we discuss the current state of the two conditions, osteopenia, and
osteoporosis. Secondly, we focus on the latest developments in natural Nutraceuticals and their effectiveness
in reducing bone loss. Finally, we conduct a Strengths, Weaknesses, Opportunities, and Threats (SWOT)
analysis to examine the pros and cons of Nutraceuticals assumption. Nutraceuticals hold great promise, but
we must address challenges such as regulatory control and experimental evidence to fully realize their
potential. Other challenges include identifying the source of raw materials, ensuring the purity of the
compound, avoiding contamination or the presence of other active compounds, maintaining product quality,
and preventing interactions with other elements or drugs. By addressing these challenges, the scientific
community can ensure more reliable indications for the use of Nutraceuticals and help people lead healthier
lives.

Keywords: osteopenia; osteoporosis; nutraceuticals; prevention; lifestyle; bone health; minerals;
phytochemicals

1. Introduction

Preventing osteopenia and osteoporosis is crucial for ensuring bone health during aging [1-3].
Osteopenic and osteoporotic patient management carries significant health, social, and economic
burdens on countries with an increase in the population's average age. Financial costs are direct,
especially concerning treating osteoporotic fractures, and indirect, such as disability and loss of
productivity. Osteopenia and osteoporosis bone loss prevention can significantly reduce the costs
incurred by the health system and improve the quality of life [4]. Although various available
therapeutic options exist, they present side effects, which are primarily responsible for discontinuing
therapy [5]. Moreover, a segment of the high-risk fracture population does not receive care due to
cultural and socio-economic factors and the diffusion in the last decade of unjustified skepticism
against official medicine [6].

Lifestyle contributes to maintaining bone density and preventing bone loss in terms of physical
activity and nutrition habits. In recent times, research has increasingly focused on different
approaches that can be complementary to or help delaying the pharmacological treatment in subject
at risk of bone fragility [7,8].

In this context, using nutraceuticals may promote healthy aging and reduce the risk of
osteoporosis in elderly individuals. A recent classification divides Nutraceuticals based on diverse
sources: natural/traditional and unnatural/montraditional [9]. Traditional nutraceuticals come
directly from natural sources. They are further divided into nutrients, herbals, phytochemicals,
probiotics, and enzymes based on their chemical constituents. In contrast, nontraditional
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nutraceuticals are artificially synthesized (agriculture breeding or biotechnology). They can be
classified as fortified or recombinant, depending on the procession process.

“Our literature review describes the state of the art on osteopenia and osteoporosis. Then, we
will discuss and highlight the latest developments in natural nutraceuticals that have been found to
promote bone health and prevent osteoporosis. We will also analyze Nutraceutical's advantages and
disadvantages through a SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis.

2. Osteopenia and osteoporosis

2.1. Bone

Bone is a mineralized connective organ exerting essential body functions: muscle attachment
and locomotion, soft tissue support, vital organs protection, bone marrow harboring, calcium (Ca)
and phosphate (P) storage, and homeostasis [10].

Recent studies showed that bone may have additional endocrine roles in glucose metabolism
[11-14]. During development, the skeletal system maintains its total size and shape via bone
modeling. In this process, resorption and formation are uncoupled: in one anatomical site, the bone
degrades, while new bone formation occurs in another [15,16].

Mature bone tissue consists of an abundant calcified extracellular matrix (ECM) that supports
and interacts with the resident cell types that help in bone development and maintenance: osteoblasts
and osteocytes, osteoclasts, hypertrophic chondrocytes, and bone lining cells. Osteoblasts, derived
from mesenchymal cells, serve for bone formation. Osteocytes are terminally differentiated
osteoblasts in the mineralized bone that help control the timing and site of the remodeling process
[17]. Osteoclasts originate from hematopoietic precursor cells and are responsible for bone resorption.
Hypertrophic chondrocytes serve as a template for bone formation; this process continues at the
epiphyseal growth plate during growth. Bone lining cells are quiescent osteoblasts that cover the
bone surfaces, where neither bone resorption nor bone formation occurs. Their role must be
understood entirely (Florencio-Silva et al., 2015).

Besides cells, the ECM comprises a nanostructured organic phase rich in collagen (mainly type
1, mucopolysaccharides, and water, providing flexibility and tensile strength and an inorganic
mineral phase presenting nanocrystalline hydroxyapatite (HA) (calcium phosphate), ensuring bone
mechanical rigidity and compressive strength [18-23].

2.2. Bone remodeling

Bone remodeling is a continuous process that occurs throughout life. It involves replacing old
or damaged tissue with new tissue, which helps maintain mineral balance and structural integrity
[24,25]. This tightly regulated process involves mechanical and chemical signals and systemic and
local factors. Bone resorption and formation occur spatially and temporally alternate to ensure that
the overall bone volume and structure remain unchanged.

The bone remodeling cycle consists of five steps: activation, resorption, reversal, formation, and
termination/quiescence. In the activation phase, bone cells fuse to form multinucleated
preosteoclasts, which bind to the matrix and create sealing zones [26]. Osteocytes initiate all these
signals, detecting bone matrix damage and communicating with other cells through their extensive
network of dendritic processes [27-29]. Remodeling can also be initiated in response to systemic
hormone changes, such as parathyroid hormone (PTH), to allow access to bone Ca stores. In the
resorption phase, osteoclasts degrade the bone matrix and end with programmed cell death [30,31].
The reversal phase is not fully understood but switches to osteoblast-mediated bone formation,
promoting new bone deposition [32]. Osteoclasts may either secrete cytokines or act via a regulatory
surface receptor to release osteogenic signals to prompt bone formation [33,34]. Other signaling
pathways may include matrix-derived factors such as BMP-2, transforming growth factor b, and
insulin-like growth factor (IGF) [32,35]. In the formation phase, osteoblasts differentiate and secrete
molecules to aid in bone formation, while in the termination/quiescence phase, remodeling concludes
with an equal amount of resorbed and newly formed bone [27,36-38]. In the termination/quiescence
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phase, remodeling concludes when an equal quantity of newly formed bone replaces resorbed bone.
After mineralization, osteoblasts may undergo different paths, for example, apoptosis, change in
bone-lining cells, or become entombed within the bone matrix and terminally differentiate into
osteocytes. Lastly, the bone surface undergoes a new remodeling cycle.

Systemic and local factors tightly control the remodeling cycle throughout signaling pathways,
endocrine regulation, sex hormones, and growth factors. These control systems can act synergically
or antagonistically, contributing to remodeling. Dis-regulations within this complicated functional
network can be responsible for pathology conditions or diseases and thus be the starting point for
new treatments. Table 1 summarizes and describes the significant players orchestrating the
remodeling cycle [39].

2.3. Risk factors

Several risk factors are linked to low bone mass disorders and can be modifiable or
unmodifiable. Unmodifiable factors are individuals, such as gender, ethnicity, aging, genetics,
previous fractures or medications, comorbidities, and family history [40]. The risk and incidence of
bone fractures are higher in women than men, with the chance increasing steeply with aging [40].
Indeed, this condition affects bone quantity and quality at cellular, molecular, and genetic levels and
leads to alterations in the number, activity, and response of bone cells, resulting in bone loss and bone
fragility [41]. These alterations favor the differentiation of mesenchymal stem cells into adipocytes
instead of osteoblasts, leading to bone fat marrow accumulation [42].

Table 1. Summary of the major players involved in bone remodeling.

Bone remodeling s
. Description
regulation system

- Osteocytes, osteoblasts, and chondrocytes can produce the receptor
activator of NF-kB ligand (RANKL). RANKL binds to its receptor termed

RANKL/RANK/OPG receptor activator of NF-kB (RANK) on osteoclast precursor cells, inducing

osteoclastogenesis and, thus, bone resorption.
pathway

Osteoblasts and osteocytes regulate bone resorption by releasing
osteoprotegerin (OPG), a decoy receptor capable of binding to RANKL and
preventing RANK activation.

- Wnt can repress mesenchymal progenitors’ differentiation into
Wnt pathway adipocytes and chondrocytes while promoting it into osteoblasts [43-45].
- Wnt positively regulates OPG release from osteoblasts [46].

- PTH has catabolic and anabolic effects depending on the exposure
length. Prolonged exposure triggers the breakdown of cortical and
trabecular bones by promoting RANKL release from osteoblasts and
osteocytes while simultaneously suppressing OPG. Intermittent PTH has an
anabolic effect, promoting bone development by decreasing SOST and DKK-
1 and elevating Wnt10b, which modulates Wnt signaling [47-49].

- Vitamin D 1,25(OH)2 is a crucial regulator of Ca and P absorption
processes [50]. Its precise role in bone remodeling remains to be fully
comprehended.

- Calcitonin’s role remains uncertain: at pharmacological concentrations,

Endocrine regulation

it inhibits bone resorption by binding calcitonin receptors in osteoclasts.
However, calcitonin-deficient mice showed increased bone formation [51].
- Thyroid hormones positively affect osteoblasts, stimulating their
differentiation and mineralization, while their direct role on osteoclasts
remains uncertain.
- Growth hormone (GH) induces IGF-1 expression, which stimulates
bone turnover towards bone formation. Without GH, bone resorption
predominates, causing osteoporosis [52].
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- Glucocorticoids inhibit osteoblast differentiation and function and
increase osteoblast apoptosis when administrated at supra-physiological
doses, while they have an anabolic effect on bone turnover at physiological
doses [53].

- Estrogens have an anabolic effect on bone: they bind the estrogen
receptor-a, reducing osteoclast number and activity and increasing
osteoclast apoptosis, thus inhibiting bone resorption. At the same time, they
impede osteoblast and osteocyte apoptosis, thus maintaining bone formation
[54]. Estrogen deficiency increases IL-1, IL-6, and TNF secretion [55]. At the
same time, the decreased estrogen levels lead to a decline in energy
availability for bone tissue, with an increase in glucose level, accumulation of
visceral adipose tissue, and reduction in insulin secretion [56].

- Androgens favor bone formation and inhibit resorption [57]

- Transforming growth factor b (TGF b) and Bone Matrix Proteins
(BMPs) regulate osteoblast differentiation by inducing the expression of
Runx2 [58].

- TGF bl induces migration of mesenchymal stem cells to resorptive
sites [59].

Paracrine regulation - Prostaglandin E2 (PGE2) seems to stimulate osteoclastogenesis by
acting on the RANKL/OPG ratio but also stimulates osteoblast proliferation
and differentiation [60].

- Estrogen levels influence cytokines such as IL-1, IL-6, and TNFq,
stimulating osteoclastogenesis; IL-4 and y-interferon have the opposite effect
[61,62].

Genetics is another risk factor for bone loss, and about 90 loci are associated with DXA-derived
bone mineral density (BMD) and several other ones related to bone parameters such as bone
geometry, shape, and microarchitecture. As reported by Rivadeneira et al., the involvement of
genome-wide association studies (GWAS) has led researchers to discover several pathways that are
potential targets for osteoporosis treatment [63]. It is also critical to consider the comorbidities that
may affect the osteoporosis course and increase the risk of subsequent multiple fractures, especially
in the presence of sarcopenia [64].

Osteoporosis severity indeed worsens in the presence of inflammatory bowel and joint diseases,
breast and prostate cancer treated with chemotherapy or hormone therapy, diabetes, and celiac
disease [65].

Modifiable risk factors are sex hormones, use of medications like glucocorticoids, body mass
and body size, low Ca and vitamin D intake, hyperthyroidism, lifestyle habits (sedentary, cigarette
smoking, excessive alcohol intake, and disuse/microgravity conditions) [66]. Estrogen binds the ERa
receptor, an inhibitor of RANKL and an enhancer of OPG production in bone cells, thus acting on
bone turnover [66]. Due to the estrogen deficiency, menopausal females have an overall increase in
bone turnover, intensifying the responsiveness towards PTH and enhancing the resorption rate and
amount. Another important modifiable factor is diet and nutrition. Insufficient Ca intake and
hypovitaminosis D can lead to secondary hyperparathyroidism, which increases the production of
IGF-binding protein, thus reducing the IGF action on bone cells [67]. It turns out that bone loss and
skeletal turnover increase, while BMD decreases [68]. Moreover, with increasing age, there is a
decline in energy intake by up to 20% in elders >65 years, and diet plays an essential role in muscle
strength in elders [69].

In general, the Mediterranean diet, i.e., rich in vegetables, fruits, fish, and good fats, with
reduced alcohol consumption, enhances muscle strength and functionality in older people. Due to
the presence of thousands of chemical compounds, tobacco smoke affects (BMD) both directly and
indirectly, impacting the RANK-RANKL-OPG pathway, intestinal microbiota composition, and Ca-
P balance [70].
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Lifestyle habits have essential consequences on GUT microbiota, crucial in maintaining the bone
tissue’s overall health [71]. Within the modifiable factors, physical activity and exercise improve
muscle mass, strength, and function, playing a protective role in mobility and bone health. In detail,
weight-bearing and muscle-strengthening movements positively affect bone formation and,
consequently, BMD [69]. Among environmental factors, air pollution could be partially adjustable.
Higher levels of nitrogen oxide were associated with bone damage [72]. Heavy metals such as
cadmium (Cd), lead (Pb), chromium (Cr), mercury (Hg), cobalt (Co), and other metal ions and trace
elements have been the major contributors to bone damage. Endocrine disruptors like bisphenol A,
phthalates, and per- and poly-fluoroalkyl compounds may cause a decrease in BMD [73].

The first therapeutic approach in clinical practice for treating osteoporosis is correcting or
eliminating the "modifiable risk" factors like smoking, alcohol abuse, sedentary life, and all
environmental conditions that increase the risk of falling. At the same time, the dietary intake or
supplementation with vitamin D and Ca is of concern [74]. Vitamin D primarily aims to increase
intestinal absorption of Ca, and the National osteoporosis Foundation recommends a daily intake of
800-1000 IU per day for over-50s. Indeed, physiological values of Ca and vitamin D are also a
prerequisite for any drug treatment of osteoporosis.

2.4. Epidemiology and etiology of osteoporosis

Any process that causes an increase in the rate of bone remodeling will result in overall bone
density loss. Peak bone mass comes about in the third decade of life, with exact age varying with sex
and skeletal sites. After peaking, both sexes experience a decline in bone mass, but the loss can reach
pathological levels during menopause in women. Bone loss negatively affects cortical and trabecular
bone mass more rapidly in trabecular than cortical bone because the first one is more porous and has
a higher turnover than the second one, thus increasing porosity and leading to skeletal fragility [75].

Osteopenia and osteoporosis occur when BMD values decrease due to an osteo-metabolic
imbalance that disrupts the microarchitecture of bone tissue [76].

Osteopenia is a clinical term that describes a decrease in BMD below average reference values,
yet not low enough to meet the diagnostic criteria of osteoporosis [77], thus describing it as a
condition of “low bone density” or “decreased bone density.” However, the worsening of osteopenia
leads to an increased risk of skeletal fractures, and consequently, preventing the development of
osteoporosis and osteoporotic fractures is of great interest.

Osteoporosis is a common, debilitating, chronic, progressive, systemic, and metabolic skeletal
disease affecting approximately 200 million women worldwide, resulting in painful fractures [78]. In
European Union, it is assessed that among more than 23 million men and women are at high risk of
osteoporotic fractures [79].

Primary Osteoporosis forms are related to female post-menopausal state (Type I) due to estrogen
deficiency or advancing age (Type II) in men and women. Secondary OP derives from pre- or co-
existing pathologies, medical conditions, or medications interfering with physiological bone
formation [80].

The term “fragility fractures” indicates all the fractures resulting from low-level or low-energy
trauma, such as a fall from standing height or less [81]. This type of fracture is generally considered
the clinical outcome of osteoporosis. The most relevant consequence is that a patient who has
sustained one fragility fracture is at high risk of experiencing secondary fractures, especially in the
first two years following the initial fracture.

The most frequent fractures occur at the hip, spine, and forearm, even if other sites are included,
such as the humerus, ribs, tibia, pelvis, and other femoral sites. The severe fracture complications are
pain, loss of quality of life with substantial disability and loss of independence, and an increased risk
of morbidity and mortality [82], with an approximately 20% mortality rate after hip and spine
fractures [83]. As a further consequence, fragility fractures not only significantly impact the health
and quality of life but also impose a significant economic burden on the health system [4].
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For all these reasons, preventing fragility fractures is of significant concern. A multidisciplinary
approach includes pharmacological intervention and changing lifestyle habits like nutrition and
physical activity.

Fortunately, substantial advances in the diagnosis, prevention, and treatment of osteoporosis
have emerged in the last decade to modify risk factors and tackle the ongoing osteoporosis crisis in
the population [84].

2.5. Diagnosis

According to the World Health Organization's (WHO) indications, osteopenia and osteoporosis
diagnosis relies mainly on BMD evaluation by densitometric investigation. The dual-energy x-ray
absorptiometry (DXA) technique at the lumbar spine, proximal femur, or total hip is considered
optimal for measuring BMD, recognized as a standard diagnostic criterion. The measurement unit is
the number of standard deviations compared to peak bone mass (the average of healthy adults of the
same gender), the “T score.” Conventionally, a T-score between — 1.0 and - 2.5 SD indicates
osteopenia, while a value equal to or less than -2.5 defines osteoporosis. Severe osteoporosis presents
a T-score below 2.5 SD with the simultaneous presence of one or more fragility fractures. Therefore,
as the T-score decreases, the relative fracture risk increases. Thus, the T-score effectively identifies
individuals at increased fracture risk and offers a cut-off point for diagnosing osteoporosis [85].

However, it is true that osteoporosis prevalence strictly depends on screening availability.
Screening strategies with standard dual-energy X-ray absorptiometry (DXA) in women over 50 years
are applied, but mostly in Western countries, and still need to be utilized in many other developing
countries [86]. Moreover, osteoporosis in men is still largely underdiagnosed, and usually, the
diagnosis occurs in the presence of a fragility fracture.

Other diagnostic imaging techniques for evaluating BMD are quantitative computerized
tomography (QCT) or ultrasound (QUS) studies and conventional radiology to diagnose spinal
fractures. QUS studies demonstrated that they were not inferior to lumbar or femoral DXA in terms
of accuracy. However, this technique does not represent a direct measurement of BMD, so it cannot
be used to diagnose osteoporosis, according to WHO criteria.

Traditional radiology allows the diagnosis of osteoporotic fractures in the most involved sites:
spine, ribs, pelvis, proximal femur, proximal humerus, distal radius, and calcaneus. MRI applies
when several vertebrae are involved in fractures, thanks to the possibility of distinguishing recent
fractures from older ones [87].

An easier and BMD-independent way to identify individuals at high fracture risk is the available
fracture risk algorithm “FRAX," a computer-based algorithm that provides models for assessing
fracture probability in men and women. FRAX uses clinical risk factors to estimate 10-year fracture
probability based on validation in independent cohorts with a similar geographic distribution. It has
intrinsic limitations due mainly to the use of dichotomous variables only, and it should not be
considered a gold standard but is reliable in assessing fracture risk [87,88].

In the context of diagnosis, there is an urgent need to identify measurable biomarkers in clinical
trials that are useful in clinical practice.

2.6. Therapeutical approaches

Osteoporosis is a latent disease that can be prevented and treated, but it is often only detectable
in its final stages [89].

Table 2 shows a summary of drugs used in clinical practice and involved in clinical trials, with
attention to potential adverse effects. Currently, there are various classes of drugs available for
osteoporosis treatment. Still, they possess adverse effects like atrial fibrillation, atypical
subtrochanteric fracture, delayed fracture healing, hypersensitivity reactions, hot flashes, leg cramps,
and gastrointestinal effects like nausea, vomiting, and constipation [90]. However, the current
Literature highlights that approved drugs for treating osteoporosis reduce the risk of fragility
fractures and their severe consequences in terms of disability and related mortality, thus exceeding
the risk of adverse events.
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The most used treatments for women and men are bisphosphonates and calcitonin, which act

by inhibiting bone resorption. Other drugs act with an anabolic mechanism of action (teriparatide

and abaloparatide) or with a dual anabolic/antiresorptive mechanism (romosozumab and strontium

ranelate). In the case of post-menopausal osteoporosis, pharmacological treatment begins with

estrogens as hormone replacement therapy to manage menopause symptoms and strengthen bones,
thus acting as both prevention and treatment of bone fragility. Other classes of drugs are selective
estrogen receptor modulators (SERMs) for women, RANKL inhibitors, PTH analogs, calcitonin, and
anti-sclerostin inhibitors for both men and women [91].

Table 2. Pharmacological drugs used for osteoporosis.

Drug class Mechanism of action  Adverse effects Refs.
Anti-resorptive drugs

Non-nitrogen-containing Induction of osteoclast ~ Atypical femoral fractures,

bisphosphonates (NNBP) apoptosis by conversion osteonecrosis of the jaw, acid [92]

(Etidronate, Clodronate,
Tiludronate)

into ATP analogues in the
cytoplasm

regurgitation hypocalcemia,
esophageal ulcers

Nitrogen-containing
bisphosphonates (NBP)
(Alendronate, Risedronate,
Ibandronate, Neridronate,
Pamidronate)

Inhibition of mevalonate
pathway (cholesterol
biosynthesis)

Dysphagia, nausea,
constipation/diarrhea, gastritis, [93]
flatulence

Selective estrogen receptor
modulators (SERMs)
(Tamoxifen, Raloxifene,
Bazedoxifene, Ospemifene)

Bind to estrogen receptors

with an agonistic effect at
bone and hepatic level
and a partially
antagonistic effect at
breast and the
genitourinary system
level

Hot flushes, leg cramps, risk of

blood clots and stroke, increased
likelihood of developing uterine [94,95]
cancer, blood clots, and

menopausal symptoms

Binding to RANKL leads

RANKL inhibitor (Denosumab)to osteoclast inactivation

and apoptosis

Jaw osteonecrosis,
musculoskeletal pain, atypical
femoral fracture, gastrointestinal
symptoms

[96]

Enzyme replacement therapy

Bind to estrogen
receptors, inducing

Breast cancer, heart disease,
stroke, venous thrombo-embolic [97]

ERT) (Est
(ERT) (Estrogen) osteoclast apoptosis disorders
Vomiting, nausea, inflammation
t the injecti ite, diarrhea,
Calcitonin Inhibit osteoclast function” . Do o1 SUE CIATIRCA [98]
gastrointestinal signs, stomach
pain
Cathepsin K inhibitor Inhibit osteoclast
kin ad i 9-101
(Odanacatib and Balicatib)* resorption Skin adverse experiences [99-101]
Bone-forming drugs
Bind PTHIR
PTH analogs mn . on . Dizziness, nausea, headache, leg
. . osteoblasts, increasing [102]
(Teriparatide) . cramps, osteosarcoma
bone formation
Fuman PTH-related protein Bind PTHlR on Gastljointestinal symptoms, site
osteoblasts, increasing reaction, osteosarcoma, [103]

(PTHrP) (Abaloparatide)

bone formation

dizziness, myalgia

Dual-actions drugs

Anti-sclerostin antibody
(Romosozumab)

Binds to sclerostin,
preventing the inhibition

Stroke, cardiovascular disorders,

myocardial infarction [104,105]
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of the Wnt pathway by
sclerostin, and reduces
bone resorption

Bind to Ca sensing
receptors inhibiting
osteoclast activity

Strontium ranelate (Protelos,
Osseor)

Cardiovascular risk and non-  [106—
fatal myocardial infarctions 108]

Note: *not FDA-approved drug.

3. Nutraceuticals

Thanks to increased knowledge about the protective role of numerous bioactive compounds,
adequate nutrition has been associated with health, which is now seen as a low risk of developing
diseases instead of the absence of pathologies [109,110]. This awareness among people of the benefits
of nutrition has caused a rise in the demand for nutraceuticals [111-114].

Nutraceutical is a term that combines "nutrient," referring to nourishing food, and
"pharmaceutical,” which denotes medical drugs. Nutraceuticals are nutrient formulations that are
non-specific in action and help maintain and improve health, thus preventing various diseases and
health issues. Nutraceuticals are a powerful resource that can be used "beyond the diet but before the
drugs" to prevent and treat pathological conditions as "pharma-foods" [115]. In recent years, the focus
of nutraceuticals has shifted to efficacy, safety, epidemiology, and toxicity [116,117].

A clear distinction between supplements and nutraceuticals is still lacking. Generally,
nutraceuticals include single or combinations of pro- and pre-biotic edible substances and food for
special medical uses. On the other hand, food supplements include single or combinations of
minerals, vitamins, protein supplements, functional foods, and herbal products that act as agents to
compensate for deficiencies in micro- or macronutrients [118].

3.1. Nutraceutical for bone health

Nutraceutical products are abundant and constantly increasing, constituting a non-
homogeneous and diversified group. Nutraceuticals can be classified based on different parameters
such as source, chemical constitution, and bioavailability. However, there is a need for a standardized
nomenclature and classification. Concerning bone health, a wide range of nutraceuticals exist. Rajput
et al. described four main categories: minerals, herbs and phytochemicals, dairy products, and
miscellaneous [119]. Figure 1 visually depicts this categorization.

Curcumin, alfalfa, red clover,
horsetail, citrus friuts, onion,
green tea, Herba Epimedii,
berries, plums, resveratrol

Probiotics, prebiotics,
polyunsatured fatty
acid, melatonin

Milk and milk-derived :
products

Calcium, magnesium,
phosphorous, potassium,
iron, zinc, boron, copper,
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Figure 1. Nutraceuticals for bone health.
3.1.1. Minerals

Calcium

Calcium (Ca) makes up 1.9% of the body by weight, and 99% of Ca resides in bones and teeth in
the form of P salt, which provides mechanical rigidity. Ca intake is critical throughout the whole life
for physiological skeletal growth and development, as well as for bone mineralization. During
teenage years, calcium intake helps attaining the peak BMD, which can later help delaying
osteoporosis. PTH mobilize Ca from the bones if its loss from the extracellular fluid exceeds its intake
via the gut to protect the neuromuscular system; excess PTH production such as in primary
hyperparathyroidism, can lead to osteoporosis [120].

The recommended Ca intake is about 1200 mg/day for young adults, 1000 mg/day for women
aged 25 to 50, and 1500 mg/day for post-menopausal women [121,122]. A sufficient Ca intake is
necessary for the efficacy of various potent therapeutic agents, such as bisphosphonates.

Ca-rich foods include milk, cheese, yogurt, soybeans, and dry leafy vegetables like spinach, but
also salmon, almonds, legumes, tofu, seafood, and Ca-fortified foods, especially orange juice [123].
Attention must be paid to the assumption of oxalic and phytic acid and Na consumption since they
can interfere with Ca absorption [124].

Magnesium

Magnesium (Mg) is fundamental for energy metabolism (it binds ATP) and acts as a cofactor for
many enzymes. Moreover, this mineral stabilizes the cell membrane with its positive charge [125]. In
the human body, about 60% of the entire (Mg) resides in the bones, either on the hydroxyapatite
surface or in the hydration shell of the crystals. Similarly to Ca, it can be mobilized by increased
intestinal absorption to maintain serum levels proper for the numerous physiological functions in the
body [126]. The excessive intake of Mg might harm osseous metabolism by interfering with the
generation of hydroxyapatite crystals due to competition with Ca, thus reducing bone mass [127].

Magnesium deficiency profoundly impacts bone health both directly (enhancing osteoclast and
reducing osteoblast activity, decreasing bone stiffness, altering the apatite crystal structure, and
leading to larger crystals that cannot bear the physiological load) and indirectly (interfering with
vitamin D and PTH, and consequently with the homeostasis of Ca) [127,128]. In addition, Mg
contrasts the acidic environment of inflammation and protects the skeleton from deteriorating effects
like releasing inflammatory cytokines that stimulate bone loss.

The primary sources of Mg are green vegetables (spinach), legumes, nuts, seeds, and
unprocessed grains. Excessive intake of alcohol and coffee, inappropriate diet, stress, and various
diseases can adversely influence the content of Mg in the body [41].

Phosphorous

Together with Ca, phosphorus is an essential bone-forming element for mineralization. There is
little evidence that it affects the incidence of osteoporosis.

High dietary phosphorous levels, especially in the presence of low Ca intake, induce the increase
of PTH, which, in turn, mobilizes Ca from bones [129]. Foods rich in phosphorus are cereals, fish,
shellfish, milk and its products, and fruits [130].

Potassium

Potassium helps maintain an alkaline environment, balancing the endogenous acids produced
from acid-generating foods like meat. This mechanism contributes to preserving Ca in bones, which
might otherwise be mobilized to maintain normal pH. From this perspective, potassium-rich foods
help prevent osteoporosis [129,131]. Potassium can be found naturally in many foods such as
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bananas, avocados, spinach, squash, cantaloupe, artichokes, potatoes, sweet potatoes, oranges, dried
apricots, and prunes [131].

Iron

Iron acts as a cofactor in enzymes involved in collagen bone matrix synthesis, prolyl, and lysyl
hydroxylases, and in converting vitamin D to the active form. This, in turn, influences the absorption
of calcium in the body [129].

On the other hand, conditions of iron overload are associated with weakened bones, altered bone
microarchitecture, biomechanics, and an increased risk of bone fractures [132]. Iron is available in
two forms in foods: heme iron, found in animal products such as meat, poultry, and fish, and non-
heme iron, which is present in plant-based foods such as cereals, pulses, legumes, grains, nuts, and
vegetables [133].

Zinc

Zinc (Zn) is required for osteoblast activity, collagen synthesis, and alkaline phosphatase
activity, thus affecting bone formation. Low serum Zn level correlates to osteoporosis, and at least
one in five humans is at risk of Zn deficiency [134]. Foods high in bioavailable Zn are meat [135].

Boron

Boron stabilizes and increases the half-life of vitamin D and estrogen, thus preventing loss of Ca
and bone demineralization. Studies conducted on humans have revealed that boron taken from the
diet is helpful in bone loss prevention [136]. Several foods contain boron, such as avocado, apricots
(dried), currants, raisins, hazelnuts, and others [137].

Copper

Copper is involved in collagen fibril formation; thereby, it is essential for increasing the
mechanical strength of bone matrix [129,138,139]. Conlan et al. reported significant deficiency in old
patients with femoral neck fractures compared to control groups [140].

In addition, copper is a cofactor for all antioxidant enzymes and eliminates the body's free
radicals caused by osteoclast activation. Fruits, legumes, potatoes, and cereals are some foods
containing copper [141].

3.1.2. Herbs & phytochemicals

Curcumin

Curcuma longa is a main coloring component of turmeric originally used as a spice in the Indian
subcontinent. Several studies described curcumin in vitro and in vivo potential in contrasting bone
loss by downregulating NF-kB, Wnt/(-catenin, RANKL, and TNF-a [142-144] and enhancing the
osteoblast differentiation of human adipose-derived MSCs by inhibiting Wnt/3-catenin signaling
[145].

Alfalfa

Alfalfa (Medicago sativa L.) is a plant indigenous to the Eurasian continent, which contains
ipriflavone, an isoflavone derivative able to directly inhibit bone resorption, enhance osteoblast
proliferation and induce estrogen-mediated calcitonin secretion [146]. Indeed, ipriflavone enhances
estrogenic activity, potentiating the protective action of estrogen on bones [147].
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Red clover

Red clover (Trifoilium pratense L.) extract contains isoflavones such as genistein, diadzein,
biochanin A, and formononetin. Genistein and daidzein are phytoestrogens with structural similarity
to estrogen, thus preventing bone loss [148,149].

Horsetail

Equisetum arvense L., commonly known as horsetail, is native to the northern hemisphere. It is
a commonly used herb in the treatment of osteoporosis, as it contains numerous phytoconstituents
favorable for bone health, such as silica, flavonoids (quercetin, kaempferol, luteolin, and apigenin),
and triterpenoids (oleanolic acid, betulinic acid, and ursolic acid). Silica support collagen formation
and bone calcification, and flavonoids preserve bone, avoiding bone resorption and stimulating
osteoblast differentiation [150,151].

Citrus fruits

Oranges, grapefruit, and lemons are rich sources of micronutrients like potassium, magnesium,
vitamin C, and folic acid, limonoids, and flavonoids. Beyond the already discussed mineral
properties, limonoids and flavonoids possess antioxidant effects, thus contrasting oxidative stress
produced during bone resorption that contributes to osteoporosis [152].

Alliaceae and Brassicaceae

Polysulfides contained in Alliaceae and isothiocyanates in Brassicaceae have anti-inflammatory,
antioxidants, vasorelaxant, and hypolipemic potential. These compounds can stimulate osteoblast
bone-forming activity AND reduce osteoclast bone resorption by releasing hydrogen sulfide (H2S),
a gasotransmitter. To read in detail about the Alliaceae- and Brassicaceae-derived organosulfur
compounds and their effects on bone loss in vitro and in vivo, please refer to the review by Gambari
et al. [153].

Among the Alliaceae family, onion (Allium cepa L.) is a bulb-shaped vegetable that is rich in
flavonoids such as quercetin, rutin, and organo-sulfur conjugates [154]. Pre-clinical studies have
suggested that onion can inhibit resorption of bone and differentiation of osteoclast, which helps
maintain normal bone mineral density [155,156].

Onion has also been found to have beneficial effects on bone density in peri- and post-
menopausal women [157].

Garlic (Allium sativum) has been shown to reduce oxidative stress in menopausal women when
administered in tablet form over a period of 30 days [158].

Oxidative stress is a key player in the development and progression of osteoporosis. The
reduction of plasma levels of carbonyl groups and Advanced Oxidation Protein products and an
increase in the total antioxidant capacity were observed. Garlic and leek have also been found to
suppress bone resorption [159].

Green tea

The beverage derived from dried leaves of Camellia sinensis contains polyphenolic compounds
known as catechins, which include epigallocatechin gallate, epicatechin gallate, epicatechin, and
epigallocatechin [160]. Epigallocatechin-3-gallate can suppress osteoclast formation and bone
resorption by causing osteoclast cell death, suppressing matrix metalloproteinase-9 in osteoblast,
inhibiting IL-6, suppressing p44/p42 mitogen-activated protein, and down-regulating RANKL-
induced expression. At the same time, epigallocatechin-3-gallate can reduce TNF-a and IL-6,
promoting osteoblast survival and positively acting on bone formation [161].
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Herba Epimedii

Herba Epimedii (HEP) is a traditional Chinese medicine that contains icariin, a flavonoid
glycoside which has been found to prevent inflammatory bone loss by inhibiting lipopolysaccharide-
induced osteoclastogenesis, TNF-a, and IL-6, as well as the production of cyclooxygenase type-2 and
prostaglandin E2 [162].

Berries

Berries include strawberries, blueberries, raspberries, blackberries, and blackcurrants, rich in
organic acids like fumaric and citric acid, vitamins like A, B9, C, E, and K, minerals, and carotenoids.
Berries have antioxidant [163] and anti-inflammatory properties; they improve osteoblast
differentiation by modulating some enzymes, cellular singling pathways, and gene expression. For
example, raspberry trans-retinoid acid and ketones stimulate osteoblast differentiation by improving
osteocalcin expression in the stem cell culture system. Berries also contain phenolics like flavonoids
(anthocyanins, flavonols, and flavanols), phenolic acids, proanthocyanidins, ellagitannins,
gallotannins, and stilbenoids. Anthocyanidine seems to inhibit RANKL and, consequently,
osteoclastogenesis [164].

Plums

Dried plums or prunes contain carbohydrates, vitamins A, B, and K, potassium, Ca, magnesium,
boron, selenium, dietary fibres and polyphenols like chlorogenic acid, rutin, and proanthocyanidin.
Boron and selenium positively affect bone metabolism, helping the maintenance of BMD;
polyphenols decrease bone resorption, acting on RANKL signaling [165]. Arjmandi et al. observed
that administering dried plums on fifty-eight post-menopausal females induced higher levels of IGF-
1 and bone-specific alkaline phosphatase (BSAP)[166].

Resveratrol

It is a phytoestrogen, a polyphenolic compound found in red wine and several nourishments
like nuts, grapes, and cranberries. Resveratrol acts on Runx2 and Osterix in osteoprogenitor cells and
on osteoclast gene expression via RANKL. In addition, it possesses antioxidant and anti-
inflammatory properties [167,168].

3.1.3. Dairy products

Milk and milk-derived products are rich in Ca, proteins, lipids, potassium, sodium, zinc, P, and
vitamins A and B2, thus valuable for bone loss prevention. Functional milk compounds like casein
phosphopeptide, milk basic protein (MBP), and lactoferrin contribute to bone health by enhancing
osteoblast proliferation and differentiation while preventing osteoclast formation. Indeed, the
administration of MBP (40 mg/day) on healthy menopausal females showed positive effects on BMD
[169-171].

3.1.4. Miscellaneous

Probiotics

Probiotics are bacterial components of the physiologic human intestinal flora (probiotic means
“for life”). They generate final products of short-chain fatty acids and lactate metabolism. Thanks to
the production of vitamins D, C, K, and folate, which are associated with Ca metabolism and are
essential for bone formation, they act positively on bone health. Lactobacillus and Bifidobacteria are
commonly investigated bacteria for bone [172].
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Prebiotics

The food ingredients that are not digested but selectively fermented by the intestinal microflora
potentially support bacteria growth, generating positive effects for the host. Among them, non-
digestible oligosaccharides (NODs) can enhance mineral absorption to boost bone mineralization
[173,174]. NODs include lactulose, galactooligosaccharides (GOS), fructooligosaccharides (FOS),
oligofructose, and inulin [175].

Polyunsaturated fatty acid

PUFAs (Polyunsaturated fatty acids) primarily contain n-6 and n-3 fatty acids as two main
classes; n-6 fatty acids derive from linoleic acid, present in vegetable oils; n-3 fatty acids,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are found in fish and fish oil. An
elevated omega-3/omega-6 fatty acids ratio is associated with a positive stimulation of bone
remodeling by three main pathways: Ca absorption, inflammatory cytokines, and peroxisomes
proliferators-activated receptor gamma [176].

Melatonin

It is a hormone secreted and released by the pineal gland at night and is responsible for diurnal
variation. Melatonin increases human growth hormone, corticosteroids, and osteoclast metabolism.
At the same time, it stimulates matrix proteins (procollagen type I c-peptide) and osteoprotegerin,
thus balancing osteoclast differentiation [177]. It also acts as a scavenger of hydroxyl and pyroxyl
molecules with antioxidant activity [178]. The administration of melatonin to Wistar rats
demonstrated beneficial effects on bone volume and stiffness compared to the control group [179].

3.2. Effects on GUT microbiota.

One of the health benefits of nutraceuticals may be their potential to affect and change gut
microbiota by modifying its composition, thus interfering with patient's health status [180]. The
gastrointestinal tract is the most developed microbiota in the body, but microorganisms also colonize
other areas such as the respiratory tract, skin, and vagina [181].

In a healthy adult, the gut microbiota is dominated by six bacterial Phyla, with Firmicutes and
Bacteroidetes making up 90% of total. The proportion of these two phyla remains constant
throughout a person's life. The other Phyla are Proteobacteria, Actinobacteria, Fusobacteria, and
Verrucomicrobia [182].

The gut microbiota (GM) regulates bone metabolism through both direct and indirect
mechanisms. Directly, GM affects bone remodeling by releasing extracellular vesicles (EVs) or
microbial metabolites like short-chain fatty acids (SCFAs), polyamines, and hydrogen sulfide (H2S).
Indirectly, it regulates bone remodeling by interacting with immune cells, such as T helper cells 17
(Th17 cells) and T regulatory cells (Treg cells), or hormones like estrogen and PTH. For a detailed
review on how the gut microbiota modulates bone remodeling, please refer to [71]

Gut-associated metabolites (GAMs) are small molecules produced by food metabolism by gut
bacteria. They can affect the host's energy metabolism and immune local and systemic homeostasis
[183-188]. GAMs can degrade amino-acids forming short-chain fatty acids (SCFAs) and other
metabolites like acetate (C2), propionate (C3), butyrate (C4), pentanoate (C5), and hexanoate (C6) [76]
. Moreover, they may interfere with the regulation of lipid metabolism, majorly affecting glycerol,
phospholipids, fatty acids, bile acids, and sphingolipids [189]. In osteoporotic patients, lipid
metabolism changes can lead to the accumulation of lipids, which result in lipid oxidation and the
production of lipid metabolites. These metabolites can activate peroxisome proliferator-activated
receptor Yy (PPARy), responsible for inhibiting osteoblast differentiation and stimulating
adipogenesis [76].
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4. Discussion

We utilized the "Strengths, Weaknesses, Opportunities, Threats (SWOT)" analysis to identify
and discuss the advantages and disadvantages of Nutraceuticals for preventing bone loss and
osteoporosis (Figure 2). The SWOT analysis is a helpful tool for strategic planning. It helps identifying
the characteristics of a project, program, or organization and its relationship with the operating
environment. This analysis framework enables us to define future directions to achieve an objective
by considering internal and external variables. The SWOT analysis uses a matrix divided into four
fields: Strengths, Weaknesses, Opportunities, and Threats. Strengths are internal factors that can be
leveraged, whereas weaknesses are internal limitations that must be addressed. Opportunities are
external possibilities that can be capitalized on, while threats are external issues that need to be
evaluated and faced. Internal variables can be managed, whereas external variables are beyond its
control but can be managed to limit risks and capitalize on positive factors. The SWOT analysis has
several advantages, such as providing an effective cross-reading and in-depth analysis of the context,
which results in an outline of possible strategies. However, the limitations of SWOT analysis mainly
arise from the risk of subjectivity and oversimplification by the evaluation team.

SWOT ANALYSIS WEAKNESSES (INT)
0 absence of quality assessment
STRENGHTS (INT) QO source seasonal, non homogenous
O prevention of diseases availability of the.source and
QO large amount and variety seasona.l production .
QO synergistic effects with other O processing can be e).(penswe
: O presence of contaminants
nutraceuticals 5 . :
Q help in the absorption of other O unknown interactions with drugs
substances/enhance their
therapeutic effects THREATS (EXT)
O lowered side effects than drugs O increasingly stringent and non-
homogeneous regulations
OPPORTUNITIES (EXT) O aggressive patent strategy
O synthetic analogues
O growing market competition
Q increasing end-users' Q paucity of clinical studies
awareness Q inappropriate usage or overuse
Q patient compliance (type, time and dosage)
Q capillary channel distribution Q patient self-medication
(pharmacies, supermarkets,
health and beauty stores)
O companies’ interest

Figure 2. SWOT analysis identifies the advantages and disadvantages of Nutraceuticals for
preventing bone loss and osteoporosis. INT: internal context. EXT: external context.

4.1. Strengths

Natural nutraceuticals are a vast, heterogeneous group mainly derived from natural food.

They can be prepared for patients in various “friendly” forms, such as tablets, capsules, liquids,
and powders, making them more convenient for consumption.

Nutraceuticals hold promises for osteopenia and osteoporosis, as they seem to have fewer side
effects and a lower drug interaction risk than conventional pharmaceuticals [190]. Nutraceuticals can
also be combined with other nutraceuticals, supplements, or drugs to enhance their therapeutic
effects or improve absorption [119,191].
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4.2. Weakness

Nutraceuticals’ availability is often subject to non-homogenous distribution across countries,
seasonal variations, and crop yield fluctuations. This diversification can impact the quantity and
quality of nutraceutical ingredients, leading to potential supply shortages or price fluctuations.

Moreover, the manufacturing process can be complex, time-consuming, expensive, and carry
contaminants. Nutraceutical contamination can occur during any stage of production with pesticides,
heavy metals and metalloids, mycotoxins, and radioactivity, or adulterated with drugs, with
alterations in quality and safety. The population and healthcare professionals should be better
informed regarding the concept and usefulness of nutraceuticals and regarding the potential adverse
effects associated with their possible contamination [192].

Lastly, it is important to carefully evaluate the potential interference of nutraceuticals with other
nutraceuticals or therapeutic drugs to avoid undesired changes in absorption, bioavailability,
transport, metabolism, elimination, and side effects [193].

4.3. Opportunities

The global nutraceuticals market, constantly increasing within the healthcare sector, has recently
shifted towards prevention strategies instead of costly therapeutical ones. Additionally, consumers
prefer natural and organic ingredients and personalized nutrition over synthetic pharmaceutics,
which may have potential side effects. The variety of nutraceuticals and their formulations allow for
a wide distribution range, including hypermarkets, supermarkets, pharmacies, and online sales
channels. The nutraceuticals field is an attractive market for Academia, pharmaceutical and food
companies, and this will hopefully increase efforts to improve efficiency, quality, and variety.

Consumers are becoming more aware of natural-based alternatives and nutraceuticals, which
may lead to better patient compliance. With an increasing aging population, preserving bone and
joint health and avoiding drugs has become a top priority.

4.4, Threats

There is a non-homogeneous regulation of nutraceuticals worldwide since their definition varies
from country to country, according to the different national regulatory agencies. Moreover,
requirements for Nutraceuticals’ production are not stringent as much as for drugs causing lack of
data on safety and outcomes.

In some countries, nutraceuticals are primarily regulated as a food category, focusing on safety
and labeling [194]. However, they do not always have a specific definition distinct from other food-
derived categories, such as supplements, herbal products, pre- and pro-biotics, functional foods, and
fortified foods. Table 3 shows an overview of the Nutraceuticals' regulation in the main
areas/countries. For a detailed update of the "regulatory framework and pertinent policies concerning
nutraceuticals in some of the key global markets," see the review of Chopra et al. [195]. Overall,
Nutraceuticals require a proper and unequivocal definition and a shared regulation to protect the
category and safeguard consumers' health while avoiding counterfeits.

It has been reported that Nutraceuticals can have positive effects, but their quality and active
compounds need to be systematically assessed. Unfortunately, most data on the uniformity and
quality of these products are currently unavailable [196]. This highlights the need for a common
regulation of Nutraceuticals. More studies need to be conducted to demonstrate the effectiveness of
Nutraceuticals in preventing osteopenia and osteoporosis. It is essential to have proper knowledge
about the dosage and intake regimen to avoid inappropriate use or overuse that can lead to toxic
effects and health complications.

Self-medication is a potential risk and patients only sometimes disclose supplement use to their
physicians. Therefore, a dedicated effort is necessary to establish a more solid basis for using these
compounds [190][197].

It is necessary to reflect on the traditional drug's Clinical Trial model and consider whether it is
practical for Nutraceuticals. Some authors criticize this model [198-203] because it can be costly and
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only sometimes feasible to assess nutraceuticals' safety, efficacy, and mechanisms of action [204]
[205].

The multifunctional nature of nutraceuticals can make it hard to estimate their effects and to
choose the appropriate time points and biomarkers. Another issue concerns control groups. Is it
possible to recruit "real" placebo groups and healthy participants? [206]. In addition, patients enrolled
in a clinical trial for nutraceuticals must maintain specific healthy lifestyle habits not to influence
data; this, in turn, can generate a high dropout rate.

The statistical analysis method used for Nutraceuticals may require some changes. The
commonly used p-value only sometimes considers the effect size and only partially addresses the
accuracy of the study hypothesis. Therefore, alternative frameworks such as statistical power, and
false positives and negatives have been proposed as potential solutions [207]. It has been proposed
that a change in focus is needed when evaluating nutrients. Instead of mainly looking at their
effectiveness, we should also consider the potential harm they might cause. Some nutrition and
nutraceutical studies utilized the N-of-1 study design which may address their heterogeneity, and
crossover features, including carry-over effects [208-212]. There is a significant concern regarding
how to create a patent strategy for Nutraceuticals that can attract investments and investors.
Discovering new ingredients with scientifically proven health benefits is crucial for this purpose.
However, it is challenging because natural ingredients that are beneficial to health cannot be
patented.

Furthermore, synthetic food supplements pose a significant challenge and competition as they
constitute a large market. This is especially true for single nutrients, such as vitamins, minerals, amino
acids, and antioxidants, that are not included in the Nutraceuticals category.

Table 3. Overview of Nutraceuticals’ regulations.

Area/Country Regulation Ref/Link
The European Food and Safety
Authority (EFSA) is responsible for
regulating food legislation and

EU regulation CE n. 178/2002

considers food supplements as foods.
The European Commission has
established harmonized rules to
safeguard consumers against possible
health risks for ingredients other than

https:/[www.efsa.europa.eulen/topics/topic/food-
supplements

European vitamins and minerals.

Union New products must meet strict

(EU) development and quality requirements.
Before the products reach the market,
EFSA must authorize any health claim,
and subsequently, each EU State can
decide to set specific approval
regulations and/or authorization.
However, EFSA does not have any

Directive 2002/46/EC

mandate to act against any unsafe
products once they are on the market

The Food and Drug Administration
(FDA) regulates nutraceuticals
differently from “conventional foods”

and drugs.

United States [213]

In 1994, the Dietary Supplement Health
and Education Act (DSHEA) stated that
manufacturers must ensure
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nutraceutical safety and efficacy before
market release.

It is not mandatory for FDA to approve
or register nutraceuticals before
producing or selling them. However,
nutraceuticals must meet high standards
of trial design and patient safety and be
reviewed by the Investigational New
Drug (IND) application process. FDA is
authorized to act against any unsafe
product after it reaches the market.
The Food Safety and Standards Act does
India not assign any specific legal status to
nutraceuticals.

Food safety and Standard Act, 2006 No. 34
OF 2006.

Nutraceuticals come under the category

Australia of food, and therefore, the national Therapeutic Goods Administration (TGA)
regulations for food are applied.
There are explicit sets of rules for

supplements and nutraceuticals that are
regulated more closely as a drug than a
food category.

Colombia, Brazil, and Argentina require
the registration of a new nutraceutical in
the market. In Brazil, animal and/or
human clinical studies before product

Canada [214,215]

Latin America [213]

registration are mandatory.

Mexico and Chile follow a notification-
based approach.
Before product registration, regulators
require animal and/or human clinical ~ [213]
studies.
It was the first country to recognize and
regulate functional foods through the
establishment of Foods for Specified
Health Use (FOSHU) in 1991. Later, this
evolved into the 2003 Health Promotion
Law, which allowed foods with
Japan beneficial health activities and meeting [194]
FOSHU requirements (including safety
and nutritionally appropriate ingredient
content) to obtain approval as

China and
Taiwan

nutraceutical. Japan has a well-
established market in nutraceuticals
dating back to the 1980s

5. Conclusions

An aware consumption of specific Nutraceuticals may help preventing a worsening of the
general bone status. However, Nutraceuticals still face many challenges and objectives to achieve.
The path from now lies in creating an exhaustive and evidence-based pool of data on Nutraceuticals’
safety, effects, dosage, potential adverse effects, and interactions with other compounds. New studies
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are mainly required to understand the mechanism of action and investigate the effects on bone health.
It is crucial targeting future clinical studies on post-menopausal women, susceptible to primary
osteoporosis that is closely related to estrogen deficiency.
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