Snd 1utrients

Review

The Role of Macronutrients, Micronutrients and Flavonoid
Polyphenols in the Prevention and Treatment of Osteoporosis

Monika Martiniakova 1t

and Radoslav Omelka 2*t

check for
updates

Citation: Martiniakova, M.;
Babikova, M.; Mondockova, V.;
Blahova, ]J.; Kovacova, V.; Omelka, R.
The Role of Macronutrients,
Micronutrients and Flavonoid
Polyphenols in the Prevention and
Treatment of Osteoporosis. Nutrients
2022, 14,523. https://doi.org/
10.3390/nu14030523

Academic Editor: Simone Perna

Received: 4 January 2022
Accepted: 23 January 2022
Published: 25 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Martina Babikova 2, Vladimira Mondockova

2 1

, Jana Blahova 2, Veronika Kovacova

Department of Zoology and Anthropology, Faculty of Natural Sciences and Informatics,
Constantine the Philosopher University in Nitra, Tr. A. Hlinku 1, 949 01 Nitra, Slovakia;
mmartiniakova@ukf.sk (M.M.); vkovacova@ukf.sk (V.K.)

Department of Botany and Genetics, Faculty of Natural Sciences and Informatics,
Constantine the Philosopher University in Nitra, Tr. A. Hlinku 1, 949 01 Nitra, Slovakia;
martina.babikova@ukf.sk (M.B.); vmondockova@ukf.sk (V.M.); jana.blahova@ukf.sk (J.B.)
*  Correspondence: romelka@ukf.sk; Tel.: +421-37-6408-737

t These authors contributed equally to this work.

Abstract: Osteoporosis is considered an age-related disorder of the skeletal system, characterized
primarily by decreased bone mineral density (BMD), microstructural quality and an elevated risk of
fragility fractures. This silent disease is increasingly becoming a global epidemic due to an aging pop-
ulation and longer life expectancy. It is known that nutrition and physical activity play an important
role in skeletal health, both in achieving the highest BMD and in maintaining bone health. In this re-
view, the role of macronutrients (proteins, lipids, carbohydrates), micronutrients (minerals—calcium,
phosphorus, magnesium, as well as vitamins—D, C, K) and flavonoid polyphenols (quercetin, rutin,
luteolin, kaempferol, naringin) which appear to be essential for the prevention and treatment of
osteoporosis, are characterized. Moreover, the importance of various naturally available nutrients,
whether in the diet or in food supplements, is emphasized. In addition to pharmacotherapy, the
basis of osteoporosis prevention is a healthy diet rich mainly in fruits, vegetables, seafood and
fish oil supplements, specific dairy products, containing a sufficient amount of all aforementioned
nutritional substances along with regular physical activity. The effect of diet alone in this context
may depend on an individual’s genotype, gene-diet interactions or the composition and function of
the gut microbiota.

Keywords: osteoporosis; nutrition; macronutrients; micronutrients; flavonoid polyphenols; prevention;
treatment

1. Introduction

Osteoporosis, a common age-related skeletal disorder, is represented by reduced
bone mineral density (BMD), deterioration of bone microarchitecture with an increased
risk of fragility fractures [1]. Such fractures, located predominantly in the wrist, hip and
spine, are associated with considerable pain and suffering, disability and sometimes even
death [2]. Osteoporosis, often referred to a silent epidemic, affects millions of people
around the world [3]. By 2050, more than 30 million people in Europe will be affected by
osteoporosis [4] due to an aging population and longer life expectancy. Although the entire
population is at risk, the likelihood of developing osteoporosis increases depending on a
variety of factors, including gender, age, family history or fracture, and Caucasian or Asian
ethnicity [5].

It has been estimated that 50-85% of the variation in BMD at middle-age is genetically
determined. However, the heritability of both bone loss and fractures decreases with
increasing age and lifestyle factors becoming more important [6]. It is difficult to determine
how much of a lifestyle effect is affected by diet alone, due to difficulties in quantifying
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environmental exposures, both current and lifelong. In addition, the impact of diet on
bone health may be more complex and it may depend on the genotype of the individual,
gene-diet interactions or the composition and function of the gut microbiota [7,8].

Age is one of the main risk factors for primary type 1 (postmenopausal) osteoporo-
sis [9]. Primary type 2 (senile) osteoporosis occurs after the age of 75 years and is determined
in both women and men at a ratio 2:1 [10]. The mechanism underlying age-related changes
in bone quantity and quality occurs at the cellular, molecular and genetic levels [11]. Bone
metabolism is altered due to differences in the number, activity and response of bone cells
which leads to bone loss and bone fragility. In addition, bone fat marrow accumulation [12],
changes in bone regulation, increased cell apoptosis, accumulation of cellular senescence,
DNA damages and genomic instability, telomere dysfunction and epigenetic alterations
significantly contribute to bone aging [13,14].

The mechanisms associated with bone loss are well known, including the role of
pro-inflammatory cytokines, e.g., tumor necrosis factor « (TNF«), interleukin-1 (IL-1),
interleukin-6 (IL-6), in activating bone resorption by osteoclasts (bone-resorbing cells) and
inhibiting bone formation by osteoblasts (bone-forming cells) [15]. Bone formation occurs
mainly on periosteal surfaces, whereas bone resorption is usually present at endosteal sur-
faces. Osteoclast activation and differentiation is regulated by a variety of molecular signals,
one of the most studied being the receptor activator for nuclear factor-kappa B (RANK)
ligand (RANKL). RANKL is produced by osteocytes as well as osteoblasts and stimulates
RANK on osteoclast progenitors [16]. Furthermore, estrogen loss during menopause can
be consistent with an elevated expression of RANKL and reduced expression of osteopro-
tegerin (OPG), its natural antagonist by osteoblasts and osteocytes, thereby raising bone
resorption in both trabecular and cortical bone compartments [10,17]. The role of bone
formation is equally important in the process of bone fragility and is controlled by sclerostin,
which is expressed by osteocytes and acts as an inhibitor of the Wnt/ 3-catenin signaling
pathway, a strong stimulus for osteoblast differentiation [15]. Schematic representation
of osteoblast and osteoclast differentiation with the involvement of selected important
signaling pathways and regulators is illustrated in Figure 1.

In addition to pharmacotherapy, nutritional supplements and physical exercise are
commonly used to prevent and treat osteoporosis [3,18]. Pharmacological treatment in-
cludes anti-resorptive drugs (e.g., bisphosphonates, estrogen replacement therapy, selective
estrogen receptor modulators, calcitonin, denosumab, calcium and vitamin D supple-
mentation), and anabolic drugs (e.g., teriparatide, abaloparatide, strontium ranelate, ro-
mosozumab) [19,20]. Nutrition plays a dominant role in skeletal health, both in achieving
the highest BMD and in maintaining bone health [21]. Therefore, a balanced diet and
good nutritional program can also prevent osteoporosis. The intake of macronutrients,
vitamins and minerals is often below the recommended values, especially if the disease
is active [22]. Calcium (Ca) and vitamin D are the most frequently discussed nutrients
with respect to BMD. In addition, vitamins (e.g., C, K), minerals (e.g., Ca, phosphorus
(P), magnesium (Mg)), flavonoid polyphenols (e.g., quercetin, rutin, luteolin, kaempferol,
naringin) are also involved in bone formation. Exercises to tone deambulatory muscles and
exercises to improve proprioception can help prevent falls. Moreover, physical exercise can
stop or reverse osteoporosis due to its anabolic effects [10]. This review characterizes the
role of essential macronutrients, micronutrients and flavonoid polyphenols in relation to
osteoporosis prevention and treatment. Moreover, the importance of different naturally
available nutrients, whether in the diet or in food supplements is highlighted.



Nutrients 2022, 14, 523

3 0f 30

bone lining cells

TGF-B

Smad2/3
MAPK

osteocyte

ity \BHILP P i:_ if
Smad1l/5/8
MAPK ‘

osteoprogenitor mononuclear
osteoclast

osteoblast

RANKL

multinucleated

pre-osteoblast astioelace

osteoblast osteoclast

osteoclast
apoptosis

osteoblast
apoptosis

Figure 1. Schematic representation of osteoblast (left) and osteoclast (right) differentiation with the
involvement of selected important signaling pathways and regulators. Positive effects are depicted by
green arrowheads. The blue arrows and font show the production of selected molecules important in
the signaling pathway and also for the processes of bone formation and resorption. Osteoblastogenesis
is regulated by different signaling pathways (including TGF-f3/BMP, WNT), resulting in activation of
downstream transcription factors such as Runx2 and leading to the expression of osteoblastogenic
markers by osteoblasts, e.g., type I collagen, ALP, OPN, BSP and OCN. The canonical WNT pathway
activates downstream signaling cascades, resulting in (3-catenin translocation into the nucleus which
enhances osteoblastogenic target gene expression. TGF- and BMPs are secreted growth factors
belonging to the TGF-f3 superfamily, which play an essential role in development, tissue homeostasis
and regeneration. Canonical TGF- signaling mobilizes transcription factors Smad2 and Smad3 to
interact with other transcription factors and induces Runx2-mediated gene expression. Similar to
TGE-p, canonical BMP signaling also transmits signals through Smad transcription factors. Moreover,
BMPs and TGF-f3 can induce Runx2 through the MAPK signaling pathway. Osteocytes represent
a differentiated stage of the osteoblast lineage and they have key regulatory roles in bone and
mineral homeostasis. Osteoclasts differentiate from cells of the monocyte/macrophage lineage in
response to the osteoclastogenic cytokines M-CSF, RANKL and ITAM. As a result, mononuclear
osteoclast precursors finally fuse into mature polykaryons which produce protons and proteolytic
enzymes (especially cathepsin K) to dissolve bone minerals and degrade bone matrix proteins. MSC,
mesenchymal stem cell; TGF-$3, transforming growth factor beta; BMP, bone morphogenetic protein;
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MAPK, mitogen-activated protein kinase; Runx2, runt-related transcription factor 2; WNT, Wnt
glycoproteins; PTH, parathyroid hormone; OPN, osteopontin; BSP, bone sialoprotein; ALP, alkaline
phosphatase; OCN, osteocalcin; HSC, hematopoietic stem cell; M-CSF, macrophage-colony stimu-
lating factor; ITAM, immunoreceptor tyrosine-based activation motif; RANK, receptor activator of
nuclear factor kB; RANKL, receptor activator of nuclear factor kB ligand; CATK, cathepsin K.

2. Macronutrients and Osteoporosis

Diets consist mainly of macronutrients—proteins, lipids and carbohydrates. In many
cases, the way that these macronutrients influence bone health reflects their ability to change
Ca metabolism and skeletal homeostasis [23]. Table 1 shows the amounts of macronutrients
and micronutrients in different types of foods.

Table 1. The amount of described macronutrients and micronutrients in different types of foods.

Amount of Nutrients

Type of Food per 100 g
Proteins (g) [24]
meat (beef, pork, chicken) 15.43-20.04
sea fish 18.88
pike, trout 11.00
oatmeal 13.10
eggs 12.40
dairy products (yogurt, cheese, cream cheese) 4.40-26.00
legumes (chickpeas, beans, peas, lentils) 20-24.20
tofu 7.80
soy 35.40
cocoa powder 22.70
nuts (almonds, peanuts, pistachios) 19.70-25.80
seeds (poppy, sesame, pumpkins) 20.40-24.50
Saturated fatty acids (g) [25,26]
milk fat 63.40
coconut oil 86.50
palm kernel oil 81.50
palm oil 49.30
cocoa butter 59.70
Monounsaturated fatty acids (g) [25,26]
milk fat 25.90
palm oil 37.00
cocoa butter 32.90
olive oil 73.00
soybean oil 22.70
high linoleic acid sunflower oil 19.50
Polyunsaturated fatty acids (g) [25,26]
palm oil 9.30
olive oil 10.50
soybean oil 57.30

high linoleic acid sunflower oil 65.70
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Table 1. Cont.

Amount of Nutrients

Type of Food per 100 g
Carbohydrates (g) [24]
oatmeal 68.10
wheat flour 73.10
wheat white bread 50.80
legumes (chickpeas, beans, peas, lentils) 58.00-60.50
fruits (blackcurrant, grapes, bananas) 17.20-21.80
vegetables (potatoes, sweet corn, garlic) 18.80-25.00
nuts (peanuts, pistachios, chestnuts) 18.20-53.00
curry spice 61.80
black tea 55.70
bitter chocolate 117.12
Calcium (mg) [25,26]
cow milk (natural) 119.14
hard cheese 981.71-1218.00
soft cheese 732.86
eggs 57.06
marjoram 1388.00
poppy seeds (natural) 1513.71
salmon (Atlantic) 20.00
almonds 229.71
green-leaf vegetables (head cabbage, curly kale) 47.50-163.57
legume-based dishes 30.91
tofu 162.43
seafood-based dishes 38.05
mineral water rich in calcium (250 mL) 100.00

Phosphorus (mg) [25,26]

meat (chicken, duck, turkey, goat)
cow milk
hard cheese
soft cheese
cereals and cereal-like grains
seeds (linseed, pumpkin, sesame, sunflower, poppy)
nuts (cashew, peanuts, walnuts)

188.57-234.86
92.86
786.86
345.57
271.00
603.00-861.71
519.57-369.71

legume-based dishes 132.37
Magnesium (mg) [25,26]

spinach 61.99

legume-based dishes 41.20

nuts (walnuts, hazelnuts, peanuts, almonds, cashew)
seeds (linseed, pumpkin, sesame, sunflower)

150.71-262.14
272.00-358.83

grain-based dishes 100.00
bitter chocolate 164.29
Vitamin D (ug) [27,28]
D2/D3 in soybean oil 700.00
D2 /D3 in sunflower oil 11.20-14.50

D2 in dry mushroom powder 4420.00

eggs 3.20
fishes (mackerel, salmon, sardines, tuna) 3.20-8.00

cod trace
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Table 1. Cont.

Amount of Nutrients

Type of Food per 100 g
Vitamin C (mg) [29-31]
citrus fruits (lemon, orange, grapefruit) products 30.00-53.00
broccoli 34.80-93.10
tomato products 12.00
peppers (red peppers, chili peppers) 190.00-245.00
green leafy vegetables (spinach, cabbage, kale, cauliflower) 30.00-48.00
potatoes 25.00
papaya 61.00
kiwifruit 93.00
red current 80.00
strawberry and its products 54.00-60.00

Vitamin K (ug) [25,26]

dark green leafy vegetables (spinach, curly kale)

362.50-817.00

fruits (kiwifruit, blackcurrants, prunes, rose hip) 25.00-92.00
chickpea 264.00

liver (beef, chicken, veal) 75.00-89.00
parsley 488.75

2.1. Proteins

Proteins are complex molecules that have a variety of functions in the body. They can
be beneficial as well as harmful to bone health depending on the amount of protein ingested
(low-protein diet vs. high-protein diet) and the source of protein (plant vs. animal) [32].
Dietary protein is a key nutrient for skeletal health because it influences bone in several
ways: (a) it forms a large component of organic bone matrix, (b) regulates serum levels
of insulin-like growth factor 1 (IGF-1) and (c) may affect Ca metabolism [23]. In addition,
proteins are important components of bone, accounting for approximately 30% of bone
mass, and 50% of bone volume. They can also influence bone metabolism since it depends
on dietary protein intake [33].

The current recommended dietary allowance (RDA) for protein is 0.8 g/kg body
weight (bw)/day for adults (1.5 g/kg bw/day for children, 1.0 g/kg bw/day for ado-
lescents and older people) [34,35]. According to Wallace and Frankenfeld [36], protein
supplementation above the current RDA may play a positive role in preventing osteoporotic
fractures and bone loss. Observational studies clearly demonstrate that higher dietary pro-
tein consumption is associated with higher BMD in middle-aged and older adults [37-39]
and may have a protective impact against vertebral and femoral bone loss [40]. Similarly,
elevated protein intake (approximately 0.8-1.3 g/kg bw/day) had no detrimental effect on
bone quality in healthy adults as well [41].

Typical proteins of animal origin are present in meat, fish, poultry, eggs and dairy
products. They are often called “complete” proteins for their sufficient amount of essential
amino acids [42]. Vegetable proteins can be obtained from plant sources, such as legumes,
tofu, soy, tempeh, seitan, nuts and seeds. They may have poorer nutritional quality due
to their variable amino acid profile, e.g., lower proportion of lysine, cysteine or methion-
ine [43,44]. Various in vitro studies suggest that amino acids can affect bone health by a
variety of mechanisms. Osteoblast growth and differentiation is partially supported via a
stimulation of insulin secretion by alanine, lysine, arginine, leucine and glutamine [45-47].
Lysine and arginine have shown a positive outcome for nitric oxide (NO) production and
type I collagen synthesis [48] with the potential to be used in osteoporosis prevention.

Different types of studies attempted to find preferred sources of protein for nutritional
interventions, but without clear conclusions. On the one hand, Iguacel et al. [49] determined
lower BMD in the femoral neck and lumbar spine of vegetarians and vegans compared to
omnivores, and on the other hand, no significant differences between animal and plant
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protein consumption were observed in relation to BMD, bone mineral content (BMC), bone
turnover markers and hip fractures [50,51]. In any case, it is clear that the impact of proteins
on bone health may vary according to Ca intake. Higher protein intake increased BMD and
protected against the risk of fragility fractures in adults with sufficient Ca intake [51].

Insufficient dietary protein intake can lead to muscle wasting, resulting in uninten-
tional loss of body weight due to accelerated muscle protein degradation and reduced
protein synthesis. It is a clinically significant complication of many chronic diseases, in-
cluding osteoporosis [52]. Lean muscle mass affects not only overall BMD but also key
cross-sectional bone parameters related to bone strength. Therefore, bone loss and fragility
fractures in older individuals are often preceded by loss of muscle mass and strength [53].
Several epidemiological studies have supported the close association between low muscle
mass and osteoporosis. Verschueren et al. [54] reported that middle-aged and elderly men
with sarcopenia (a disease characterized by progressive and general loss of muscle mass
with either low muscle strength or physical performance) had significantly lower BMD
and were more likely to develop osteoporosis compared with those without sarcopenia.
Another study involving both men and women over 65 years showed that low muscle
mass was significantly associated with a higher risk of osteoporosis, even after adjusting
for potential risk factors [55].

In recent decades, attention has also focused on bioactive peptides, specific fragments
arising from proteins during gastrointestinal digestion by enzymatic proteolysis [56,57].
Bioactive peptides are able to directly influence bone regulation by activating signaling
pathways and modifying osteoblast functions [58,59]. Administration of collagen pep-
tides in postmenopausal women with reduced BMD was consistent with BMD improve-
ment [60]. Some dairy components, for example, milk casein-derived peptide, also possess
osteoprotective activity by reducing RANKL, IL-6 and TNF-« expression [61]. Seafood
bioactive peptides, which can act as stimulators and inhibitors of bone formation and re-
sorption, respectively, are considered another source for the prevention of osteoporosis due
to immunomodulatory, antioxidant, antihypertensive, osteoprotective and antimicrobial
properties [56,62].

2.2. Lipids

Lipids are essential macronutrients that have key functions in the body, such as
structural units of cell membranes, energy storage, precursors of metabolic compounds
involved in inflammatory and immune responses [63]. They are also important for the
absorption of fat-soluble vitamins (A, D, E, K). For this reason, the WHO recommends that
fats account for 20-35% of total energy intake [64].

According to the number of chemical double bonds, fatty acids can be divided into
saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated
fatty acids (PUFAs) [64,65]. Common SFAs are myristic, palmitic and stearic acids, which
affect cholesterol metabolism and are found in foods rich in animal fats (e.g., meat, dairy
products) or in vegetable fats (e.g., palm oil, coconut oil) [66]. SFAs have been widely
considered to be harmful to health, especially in cardiovascular disorders. The most
common MUFA is oleic acid, present mainly in olive oil and meat (e.g., beef, pork) [67].
MUPFA-rich diet may have beneficial health effects, especially in the presence of coronary
heart disease and type 2 diabetes mellitus [68,69]. The results by Schwingshackl and
Hoffmann [70] indicate an overall risk reduction of all-cause mortality (11%), cardiovascular
mortality (12%), cardiovascular events (9%) and stroke (17%) due to olive oil consumption.
However, MUFAs of mixed animal and plant sources did not have any significant effect
on aforementioned parameters. These data provide evidence that the source and origin
of MUFA in a specific diet should be considered in order to assess the potential benefits
of this type of fatty acid. Among PUFAs, a-linolenic acid (n-3) and linoleic acid (n-6) are
the most important. The human body cannot synthesize them and therefore they must be
obtained from foods. The main sources of these acids are vegetable oils, such as sunflower
oil, rapeseed oil and soybean oil. Functionally important fatty acids, such as arachidonic
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acid (n-6), eicosapentaenoic acid (n-3) and docosahexaenoic acid (#-3), can be synthesized
from linoleic acid and «-linolenic acid, although not very efficiently [64]. Some PUFAs can
have a beneficial role as biological mediators associated with cardiovascular diseases [71].

Dietary lipids can also influence bone health. Increased lipid intake may result in
decreased BMD and an elevated risk of fractures [72,73]. A negative relationship between
SFAs consumption and femoral neck BMD has been determined in men over 50 years of
age [74]. In postmenopausal women, higher SFAs intake was associated with elevated
hip fracture risk [75]. Garcia-Martinez et al. [76] revealed that intake of MUFAs, which
are derived from olive oil in the Mediterranean-style diet, is associated with increased
BMD at the distal end of the radius in both sexes. According to Roncero-Martin et al. [77],
dietary olive oil administration was positively associated with lumbar spine BMD in adult
women (23-81 years). The beneficial effects of olive oil on BMD have been attributed to
the high contents of vitamin E and phenolic compounds. Although total PUFA intakes
have been positively associated with bone health, complex interactions between individual
fatty acid and bone are gaining attention based on studies published from the Framingham
cohorts. In summary, no significant correlations were recorded with consumption of
individual PUFA and BMD in both sexes [78]; however, women who simultaneously
received eicosapentaenoic and docosahexaenoic acids had enhanced femoral neck BMD
and elevated intake of arachidonic acid. This interaction was also determined in men where
the individuals in the highest quartile of arachidonic acid intakes lost more hip BMD than
those with the lowest intakes, but only among individuals with low eicosapentaenoic and
docosahexaenoic acids consumption [79]. Therefore, the protective effects of an arachidonic
acid-rich diet may depend on adequate intake of eicosapentaenoic and docosahexaenoic
acids. According to Tartibian et al. [80], n-3 fatty acids supplementation in combination
with aerobic exercise increased BMD in postmenopausal women. Dietary «-linolenic acid
had a protective role against hip fractures in older adults [81]. Men in the highest income
quartile had an 80% lower risk of hip fracture compared to those in the lowest income
quartile. Both men and women with the highest plasma concentrations of c-linolenic acid
showed a 51% lower risk of fractures. Some seafood and fish oil supplements are high
in PUFA (especially the n-3 group of fatty acids), so it is recommended that they should
be included in the diet in middle age to ensure better BMD. Recent findings show that
higher intake of fish is associated with a higher BMD or lower risk of fragility fractures
in women [82]. The supplementation with 4% highly purified concentrated fish oil was
effective in maintaining BMD during aging [83].

There are many mechanisms by which lipids can exert their effects. One of them is
hyperinsulinemia, which may be consistent with hypercalciuria, high urinary Mg levels and
a negative balance of Ca and Mg [21]. Other mechanisms include reduced Ca absorption
and elevated retinol intake, which can cause an increased bone resorption. High fat diet
also decreases bone formation and mineral apposition, enhances sclerostin expression
and damages osteocyte canaliculi network [84]. An increased intake of lipids can also
be associated with a diet low in other important nutrients, which can also affect bone
health [85].

The interaction between obesity and osteoporosis is not fully understood yet. The
association between obesity and fracture risk may be skeletal site- and sex-specific, but
results among studies are inconsistent [86]. While several researches report increased BMD
in obese patients, it appears that altered bone quality may be a major determinant of frac-
ture risk in this population [87]. This is due to a combination of several factors including
increased marrow adipogenesis at the expense of osteoblastogenesis, pro-inflammatory
cytokine activity, excessive leptin secretion and reduced adiponectin [88]. Although weight
reduction is recommended to reduce obesity-related comorbidities, it may also induce
bone loss and increases risk of fragility fractures, especially those of the ankle, upper leg
and humerus [89]. Management strategies to attenuate bone loss during weight reduction
include physical exercise and dietary interventions with Ca, vitamin D and protein in-
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take [90]. Consumption of phytoestrogens and functional foods (e.g., dried plum, flaxseeds,
garlic) can also be beneficial in this context [91].

2.3. Carbohydrates

Dietary carbohydrates are macronutrients with a range of physical and physiological
properties and health benefits. They are found in fruits, grains, vegetables and milk
products. These compounds are present in foods as low molecular weight mono- and
disaccharides, intermediate molecular weight oligosaccharides and high molecular weight
polysaccharides [92]. Dietary fibers, a complex group of carbohydrates and lignin, also
have a significant effect on health. Fiber is not hydrolyzed by human enzymes and is
therefore not digested or absorbed in the human body. However, while insoluble fiber
(such as cellulose and hemicellulose) passes intact through the digestive tract, soluble fiber
can be fermented by gut bacteria [93].

Carbohydrates supply energy to host cells and the intestinal microbiome. Fermentable
carbohydrates (especially mono- and disaccharides) and fiber can play an important role
in osteoporosis prevention [22]. According to Cohen et al. [94], high carbohydrate intake
was consistent with a reduced BMD at the distal end of the radius; however, the corre-
lation was significant only for related monosaccharides and disaccharides. On the other
hand, Kato et al. [72] revealed a positive association between total carbohydrate intake and
osteoporotic fractures in postmenopausal women.

In diets high in refined (processed) sugar, the monosaccharide glucose and disaccha-
ride sucrose are among those that have been thoroughly investigated. Current evidence
suggests that they could influence bone growth and strength. Lower tibial and femoral bone
strength was diagnosed in sucrose-fed rats [95]. Glucose at high concentrations adversely
affected osteoblast proliferation and differentiation in vitro [96]. In addition, excessive
urinary Ca loss was recorded in young adults administered an oral glucose solution [97],
which points to the fact that glucose affects Ca metabolism [23]. High-fructose diet also
reduced Ca ion transport in animals [98].

Carbonated and sugar-sweetened beverages have been a major source of carbohy-
drates for humans in recent decades. Consumption of these beverages is often associated
with decreased BMD [99]. Some animal studies suggest that changes in bone quality may
be due to a concomitant reduction in the consumption of milk and other nutrient-rich
fluids [99,100]. In the study by Vartanian et al. [101], consumption of carbonated beverages
was negatively related to Ca intake. Tsanzi et al. [99] compared the impact of different
sugar-sweetened beverages on bone health of growing rats. According to their results,
glucose intake had a more detrimental effect on BMD, BMC and Ca retention versus
fructose administration.

It should be noted that not all carbohydrates have a harmful effect on bone quality.
Most studies examining the relationship between carbohydrate consumption and BMD
have focused on fiber intake, because fiber can prevent a decrease in BMD [21]. It is known
that water-soluble fiber administration caused elevated Ca retention in the bone [102].
Many fruits and vegetables contain indigestible carbohydrates, such as inulin-type fructans.
A large increase in Ca absorption was observed in young adults (58% increase) as well as
in postmenopausal women (42% increase) after inulin supplementation [103]. Moreover,
Abrams et al. [104] determined an enhanced BMD and BMC in young adolescent after
1 year of inulin administration.

Carbohydrates among all macronutrients have the greatest impact on postprandial
blood glucose levels and therefore monitoring of carbohydrate intake is considered an
important strategy in the management of diabetes mellitus [105]. Patients with diabetes
mellitus are diagnosed with an increased risk of bone fragility and fractures, similar to
osteoporosis. It follows that bone integrity can also be negatively affected by hyper-
glycemia and diabetic bone disease is considered a significant secondary complication
of diabetes [106,107]. It is therefore surprising that bee products have the ability to al-
leviate diabetic complications, including the improvement of damaged bone structure.
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Martiniakova et al. [108] reported a protective effect of bee bread against hyperglycemia
and diabetic bone disease in Zucker diabetic fatty rats. In addition, honey can also improve
glycemic control and reduce diabetic complications [109] due to a wide range of proteins,
bioactive peptides, fatty acids, organic acids, phenolic acids, prebiotics, probiotics, fiber,
minerals, vitamins, flavonoids and carotenoids.

3. Micronutrients and Osteoporosis

Micronutrients include minerals and vitamins that are important for healthy devel-
opment of the skeletal system, disease prevention and well-being. With the exception of
vitamin D, they are not produced in the body and must therefore be taken by food [110].
The most important and studied micronutrients in the prevention and treatment of osteo-
porosis are Ca and vitamin D. However, other minerals and vitamins (e.g., P, Mg, zinc,
selenium, copper, vitamins C, K, A, B) are also involved in bone formation. In our review,
from the group of minerals, Ca, P and Mg are characterized, and also vitamins D, C and
K are described in more detail. The amount of these micronutrients in different types of
foods is shown in Table 1.

3.1. Minerals
3.1.1. Calcium

Calcium is the most important nutrient not only for bone health, but it is also es-
sential for neuromuscular activity, heart rate regulation, immune function and other key
physiological processes. In the human body, more than 99% of Ca is stored in the bones,
specifically in the form of hydroxyapatite crystals [18,23]. Adequate Ca intake is essential
for normal skeletal growth and development, as well as for bone mineralization. Con-
versely, insufficient Ca supplementation is associated with hormonal disorders, leading to
age-related bone loss and increased risk of osteoporosis [22,111]. Numerous studies have
reported that adequate Ca consumption at different ages is consistent with raised BMD
and reduced risk of fractures [22,112,113]. However, individual Ca supplementation to
eliminate fracture risk is recommended only in individuals at high risk of either insufficient
Ca intake, Ca absorption, or both, in order to achieve the expected benefits to the skeleton,
taking into account its potential negative effects, such as an increased risk of kidney stones
and myocardial infarction [114-116]. This fact was supported by the meta-analysis of
Tai et al. [117] who found that Ca supplements alone only slightly enhanced BMD (by
0.7-1.8%) in clinical trials.

Milk and other dairy products are the main source of Ca in the diet, but significant
amounts are also found in foods such as salmon, almonds, leafy green vegetables, legumes,
tofu, seafood and Ca-fortified foods, especially orange juice [21,118]. Another source of Ca
in the diet can be mineral waters enriched with Ca [119]. Heaney’s [120] study revealed
that high-Ca mineral waters have the same or slightly better absorbency as milk Ca and
should provide useful amounts of bioavailable Ca. The recommended Ca intake varies
depending on the age of the individual [121] and acquires values of 1200 mg/day for young
adults, 1000 mg/day for women aged 25 to 50 years and 1500 mg/day for postmenopausal
women [23,118].

Selected foods with low levels of oxalic acid (e.g., bananas, blueberries, apples, broccoli,
cabbage, white rice, eggs, meat, fish, yogurt, cheese, milk, fruit juice) and phytic acid (food
processed by several pretreatment methods, such as fermentation, soaking, germination and
enzymatic treatment) can contribute to enhanced Ca incorporation into the skeleton. Oxalic
acid and phytic acid interfere with the absorption of Ca and the food source containing
them is considered a weak source of Ca [21]. An excessive sodium (Na) consumption may
also increase urinary excretion of Ca, as Ca and Na compete for reabsorption in the renal
tubules [23]. On the contrary, P and vitamin D are effective in increasing Ca intake. The
Ca:P ratio is important for proper bone formation. It is common practice to have a Ca:P
molar ratio of 1-2:1 [122]. The benefits of simultaneous Ca and vitamin D supplementation
in preventing bone loss, reducing bone turnover and non-vertebral fractures are obvious
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in postmenopausal women [112]. Block et al. [123] demonstrated that a high protein diet
(HPD; 45 g protein per meal) causes an increase in urinary Ca and a decrease in the renal
reabsorption of Ca. In contrast, sulfur amino acid supplement to a low protein diet (LPD;
15 g protein per meal), in an amount equivalent to those in the HPD, had no effect on
Ca excretion or reabsorption within 4 h after meal ingestion. In other study including
24-h urine collections, addition of sulfur amino acids to the LPD (50 g protein daily), with
amounts similar to that present in an HPD (150 g protein daily), caused an increase in
urinary Ca of only 43% compared to HPD [124].

Calcium supplements are often available in the form of salts, with calcium carbonate
and calcium citrate being the most popular. Other common forms of Ca include lactate
and gluconate [125]. Calcium sources for these supplements include calcium carbonate
ores, animal skeletons, seashells and crustaceans. However, natural calcium carbonate
ores may contain harmful elements, such as heavy metals. Animal bones may carry a
risk of prion transfer [126]. Therefore, other resources including egg shells or marine
resources, have gained attention due to their high safety and biological activity in recent
years. Swiatkiewicz et al. [127] reported that Ca obtained from egg shells had a higher
bioavailability compared to commercially available calcium carbonate. Similar results have
been obtained in the study of Brennan et al. [128] using calcium-rich marine multimineral
complex which significantly preserved trabecular bone microarchitecture and slowed the
onset of bone loss in comparison with calcium carbonate. Omelka et al. [129] demonstrated
the beneficial effects of co-administration of egg shell Ca with vitamins D3 and K2, as well
as egg shell Ca with vitamin D3 only on the inhibition of bone loss in ovariectomized (OVX)
rats. These two combinations significantly improved both biochemical and densitometric
parameters consistent with osteoporosis.

3.1.2. Phosphorus

Phosphorus is an essential micronutrient with various physiological roles. It is a
component of nucleic acids, high-energy compounds (e.g., ATP, ADP, GTP, GDP), phos-
pholipids and biological membranes, which plays an important role in energy metabolism,
intracellular cell signaling and acid-base balance [130,131]. Phosphorus is the second basic
component (after Ca) of bone tissue. The human body contains 550-770 g of P, of which
almost 85% is stored in teeth and bones in the form of phosphoproteins and hydroxyapatite
crystals [132]. Phosphorus deficiency causes sluggish growth and rickets in children and
osteomalacia in adults. Lack of P in the diet is very rare in humans, due to its natural
occurrence in large amounts of food and also the body’s high ability to absorb it. In
healthy adults, the current RDA for P is 700 mg/day and 1250 mg/day during adolescent
growth [130]. The impact of high P consumption on bone health is unequivocal. Some
studies report that elevated P intake is detrimental to bone health in people whose dietary
Ca:P ratio is extremely low [133,134]. On the contrary, there is a strong evidence that high
P administration has no harmful effect on Ca balance in individuals with adequate Ca
and P supplementation [135,136]. According to Lee and Cho [137], increased intake of P
was associated with an improvement of 4.2% for BMC, 2.1% for BMD and reduced risk of
osteoporosis by 45% in adult individuals whose Ca and P supplementation was within
normal limits. Several animal studies have recorded that high dietary P levels, especially
on a low Ca diet, decreased BMD through excessive parathyroid hormone (PTH) and
osteopontin (OPN, bone matrix protein) excretion [131,138,139].

Phosphorus can be found in foods in naturally occurring forms, such as meat, dairy
products and cereals, seeds, nuts, legumes, as well as in inorganic phosphate additives,
which can be used for various purposes in food processing [130]. Some studies have shown
that elevated P consumption from inorganic phosphate additives, such as cola, had detri-
mental effects on bone metabolism in adolescents and postmenopausal women [140,141].
On the contrary, Omelka et al. [142] did not observe any impact of long-term cola intake on
the microstructure of cortical and trabecular bone tissues of adult mice using microcom-
puted tomography, probably due to a balanced diet and adequate physical activity. Cola as
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one of the most frequently consumed beverages today, supplies an amount of phosphoric
acid that is easily absorbed. Moreover, cola can displace milk in the diet, so it can contribute
to lower Ca and simultaneously higher inorganic P intake [143]. Based on current evidence,
it would be desirable to limit the intake of phosphate additives.

3.1.3. Magnesium

Magnesium is an essential micronutrient with a wide range of metabolic, regulatory
and structural functions. It is the basis for ATP, regulates the activity of about 300 enzymes
involved in the synthesis of proteins, carbohydrates and nucleic acids, and also maintains
normal neuromuscular function [3,131]. Moreover, Mg stabilizes cell membranes, thereby
reducing their permeability. Mg also antagonizes Ca and potassium (K) when it is absorbed
in the small intestine, and chronically low levels of Ca and K may be related to the underly-
ing Mg deficiency [144]. Bones store about 60% of total body Mg, approximately 30% is
present in muscles, 9% in soft tissues, and 1% of Mg is found in extracellular fluids [145].
One third of skeletal Mg is located in the cortical bone, on the surface of hydroxyapatite
crystals and in the areas around them [131]. Mg is important for bone development, as it
stimulates bone formation and is also essential for bone mineralization [146].

Magnesium deficiency can have a detrimental effect on bone health directly (by en-
hancing osteoclast and reducing osteoblast activity, decreasing bone stiffness) and indirectly
(by interfering with vitamin D and PTH, supporting inflammation and consequent bone
loss) [3,116]. In animal studies, Mg deficiency was associated with easily broken bones,
visible trabecular damages (microcracks), reduced cortical bone thickness and lower bone
mechanical properties [147,148]. Orchard et al. [149] reported a decreased whole body and
hip BMD in postmenopausal women with lower daily Mg intake. However, no relation-
ship between low Mg supplementation and increased risk of fractures was determined in
their study.

The effect of elevated Mg levels on bone quality remains controversial. According
to Nieves [150], increased Mg intake was associated with more frequent wrist fractures
in postmenopausal women, probably due to raising physical activity, as reported by the
authors. Similarly, Orchard et al. [149] mention that the risk of wrist fractures increased with
higher Mg administration. However, they also determined an elevated whole body and
lumbar BMD (about 2% and 3%, respectively) in postmenopausal women who consumed
>422.5 mg Mg/day compared to those consuming <206.5 mg Mg/day. The study by
Houtkooper et al. [151] revealed a positive relationship between Mg intake and total BMD
in premenopausal women simultaneously receiving Ca supplements. In postmenopausal
women, an identical relationship between Mg administration and hip BMD (but not for
BMD of radius) was noted [152]. In any case, further studies should be performed to clearly
indicate that Mg supplementation may be beneficial in improving BMD.

The main sources of Mg are green vegetables (such as spinach), legumes, nuts, seeds,
whole grains and almonds [22]. The current RDA of Mg is 320 mg/day for women and
420 mg/day for men [153]. Several factors, such as age, physical activity and smoking, can
affect the concentration of Mg in the bones. In elderly people, serum Mg levels fall to 60-80%
of those identified in children [154]. Insufficient physical activity was associated with
decreased Mg levels in femoral neck samples [155]. Significantly reduced concentrations of
Mg were found in the femoral head and trabecular bone of smokers in comparison with
non-smokers [156,157]. In this sense, it is positive that seafood consumption can increase
Mg level in the skeletal system [158]. Excessive intake of alcohol and coffee, inappropriate
diet, stress and various diseases (e.g., diabetes, heart failure, hypertension, postmenopausal
osteoporosis) can also adversely influence the content of Mg in the body.

3.2. Vitamins
3.2.1. Vitamin D

Vitamin D (calciferol) is a fat-soluble vitamin that can be ingested as a food or as a
dietary supplement (ergocalciferol—vitamin D2 or cholecalciferol—vitamin D3) or can be
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produced in the skin after sun exposure [144]. All aforementioned forms of vitamin D must
then undergo two hydroxylation reactions (in the liver and kidneys) to being producing the
biologically active form known as calcitriol—1,25 dihydroxyvitamin D (1,25(0OH)2D) [159].
A total of 80-90% of vitamin D is reported to be achieved by dermal synthesis after sun
exposure [160].

Vitamin D can directly and indirectly influence bone health [119]. It has the ability to
regulate intestinal Ca absorption, bone and renal Ca resorption as well as PTH synthesis.
Vitamin D also plays an important role in maintaining the optimal serum Ca and P levels
and in skeletal mineralization [22,144]. In addition, vitamin D supplementation has a
profound effect on bone and muscle strength [116], thereby reducing the risk of falls and
subsequent fractures.

Foods that are high in vitamin D include egg yolk, fatty seafood, cod liver oil and
breakfast cereals [21]. In accordance with the general recommendations, the optimal level of
1,25(0OH)2D should be at least >20 ng/mL [161]. In individuals at higher risk of fractures,
an elevated level of 1,25(OH)2D >30 ng/mL is recommended to maintain successful anti-
osteoporotic treatment [162]. Although adequate dietary vitamin D intake is a key factor in
preventing postmenopausal bone loss, it is difficult to obtain sufficient amounts only from
one’s diet [118]. Due to a limited number of vitamin D-containing foods, its supplements
are often needed to ensure appropriate intake [119].

Although many studies have reported a decrease in vertebral and non-vertebral
fractures due to sufficient vitamin D supplementation in elderly patients [163-165], the
meta-analyses by Boonen et al. [166], Chapuy et al. [167] and Bolland et al. [168] revealed
that it did not alter the risk of osteoporosis. In the study of Burt et al. [169], high dose
of vitamin D was consistent with reduced BMD in healthy adults without affecting bone
strength. According to Alwan et al. [170], vitamin D was found to be positively related
to trabecular bone score (TBS, an indicator of inner bone structural integrity) in healthy
adults with adequate vitamin D intake (>30 ng/mL, [170]). These findings explain data
highlighting the benefits of vitamin D in preventing major vertebral and non-vertebral
fractures in individuals with bone metabolic disorders such as osteoporosis or vitamin
D deficiency [171]. Therefore, vitamin D supplementation, alone or in combination with
Ca, appeared to be essential to enhance the positive effects of any specific therapy in
such patients. In this context, simultaneous vitamin D and Ca intake in the treatment of
osteoporosis is more effective than individual administrations [129,172,173].

Vitamin D deficiency can increase the risk of autoimmune diseases as well as non-
skeletal chronic diseases and can also have a significant effect on the immune system, inflam-
mation and muscle function [23]. In addition, low vitamin D levels are associated with an el-
evated risk of hip fractures in the elderly [119]. The study by LeBoff et al. [174] reported that
50% of postmenopausal women with a hip fracture had symptoms of vitamin D deficiency.
Some anti-obesity drugs have been found to reduce the absorption of vitamin D [175]. High
levels of vitamin A can also reduce the bioavailability of vitamin D by 30% [176].

Vitamin D deficiency is a well-known common feature in obese individuals [177],
suggesting that adipose tissue may play a role in low serum vitamin D levels. It has
been suggested that fat-soluble vitamin D could be sequestered in body fat stores, lead-
ing to its lower bioavailability in the obese state [178]. Therefore, high doses of vitamin
D are needed to normalize serum vitamin D levels in obese individuals. According to
Migliaccio et al. [179], vitamin D supplementation has some beneficial effects in the treat-
ment of obesity and related comorbidities.

The safety of vitamin D therapy is mainly related to either dosage, type of supplemen-
tation, or in combination. Vitamin D3 boluses at doses >100,000 IU should not be used
as they may cause an increased incidence of fractures and falls [180]. In any case, bodily
self-regulation of vitamin D activation, effectively maintained using non-hydroxylated
forms, minimizes the risk of toxicity [181]. Boluses and vitamin D hydroxy-analogs are not
commonly recommended and should only be used in selected patients as both may cause
hypercalcemia [162].
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3.2.2. Vitamin C

Vitamin C (ascorbic acid) is a water-soluble essential vitamin required for many
physiological processes including biosynthesis of collagen, L-carnitine, hydroxyproline,
hydroxylysine, several hormones (e.g., noradrenaline/adrenaline, peptide hormones), gene
transcription, regulation of translation and elimination of tyrosine [112,182,183]. Vitamin
C serves as an essential antioxidant, thus it can be used in the prevention of diseases
associated with oxidative stress [184]. For this reason, it also plays an important role in
immune responses [144]. Taking into account the bone, it is an essential cofactor not only
for collagen production but also for osteoblast synthesis and differentiation and also has
the ability to suppress osteoclast differentiation [185].

Vitamin C deficiency can lead to scurvy, which is manifested by osteolysis, osteonecrosis,
decreased BMD, bone pain, impaired wound healing and pathological fractures [186,187].
Scurvy can eventually manifest as osteoporosis [188]. According to Dosedél et al. [183]
and Fain [188], deficiency of vitamin C is associated with improper collagen synthesis,
inappropriate osteoid formation and increased bone resorption. Several epidemiological
studies have shown a negative relationship between vitamin C supplementation and
fragility fracture risk (especially at the femoral neck and total hip) [144,186], demonstrating
its therapeutic potential in the treatment of osteoporosis. Vitamin C intake is known to be
consistent with increased gene expression for osteoblast differentiation, which stimulates
osteoblast activity and accelerates bone formation [186]. In addition, ascorbic acid has a
positive effect on alkaline phosphatase (ALP) activity. A strong correlation between vitamin
C and BMD has also been established [79,112,189]. Significantly increased BMD of vertebrae
and BMD of the spine and hip after vitamin C supplementation were determined in OVX
rats and postmenopausal women, respectively [190,191]. This positive relationship was not
confirmed in postmenopausal women in the Ahmadieh and Arabi study [192], suggesting
the need for further research. Chuin et al. [193] revealed that antioxidant vitamins C and E
may provide some protection against bone loss to the same extent as resistance exercise in
elderly women.

The main sources of vitamin C are citrus fruits and juices, broccoli, tomato products,
peppers, green leafy vegetables, potatoes, papaya, kiwi, strawberries and fortified breakfast
cereals [112,182]. The recommended RDA for vitamin C is set at 75 mg/day for adult
women and 90 mg/day for adult men [194]. However, the RDA of smokers increases by
35 mg/day due to elevated oxidative stress and metabolic turnover of vitamin C [195,196].
The harmful effect of ascorbic acid overdose on bone health remains unknown. Only
mild symptoms such as osmotic diarrhea and related gastrointestinal disturbances are
diagnosed because elevated vitamin C levels are usually excreted in the urine [197]. In
this regard, there are concerns about possible urinary stone formation, since vitamin C
increases oxalate levels in urine dose-dependently. Recent studies revealed that the risk
of urinary stone formation seems to be very low after intake, even of high vitamin C
doses [183]. In general, long-term raised urinary oxalate concentrations are required for
stone formation, but elevated basal urinary oxalate levels can only be found in individuals
at risk. According to Taylor et al. [198], oral intake of vitamin C in doses higher than1 g
increased the risk of stone formation by 41%. For this reason, the doses above 1 g should
not be routinely recommended.

3.2.3. Vitamin K

Vitamin K is a fat-soluble vitamin that occurs in two forms—as vitamin K1 (phyllo-
quinone) and vitamin K2 (menaquinone). The first mentioned (K1) is the principal dietary
form and can be achieved by consuming green vegetables, such as spinach, kale, broccoli,
cauliflower, cabbage or supplements. The latter (K2) is produced by bacteria in the gut,
but can also be found in fermented soy and dairy products (e.g., cheese), meat, fish, eggs,
beef and pork liver. The current RDA is set at 90 pg/day for women and 120 ug/day for
men [112,144]. Low vitamin K intake may be consistent with skeletal fragility. In the study
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by Feskanich et al. [199], such low administration increased the relative risk of hip fracture
in both premenopausal and postmenopausal women.

Vitamin K regulates functions of osteocalcin, the most abundant non-collagenous
protein within bone matrix, primarily produced by osteoblasts during their differentia-
tion. After synthesis, osteocalcin undergoes carboxylation at glutamic acid residues by
v-glutamyl carboxylase and this process is facilitated by vitamin K. The carboxylated form
of osteocalcin accumulates in bone matrix because of its strong affinity to hydroxyapatite.
On the other hand, several studies revealed that uncarboxylated molecules of osteocalcin
represent the bioactive form of this protein and they possess many metabolic functions
including the regulation of glucose and energy metabolism [200,201]. Uncarboxylated
or undercarboxylated osteocalcin promotes 3-cell proliferation and insulin synthesis, in-
creases the uptake of nutrients including glucose in skeletal muscle. There is also some
evidence that osteocalcin affects muscle growth, fertility, brain development and cognition
and anti-tumor immunity [202].

Vitamin K is also an important cofactor in enzymes involved in the synthesis of blood
coagulation factors. According to Beulens et al. [203], higher vitamin K2 supplementation
may be indirectly consistent with coronary artery calcification and subsequent cardiovascu-
lar disorder. On the contrary, increased dietary vitamin K1 intake does not have such an
effect. Azuma and Inoue [204] reported that vitamin K status may also be related to muscle
physical performance, and is not related to muscle strength.

Vitamin K2 is recognized as safe and effective in the treatment of age-related bone
loss and osteoporosis [116]. It is involved in modulating the RANK/RANKL signaling
pathway by inhibiting RANKL and reducing osteoclastogenesis [205]. In addition, vitamin
K2 enhances osteoblastogenesis via the steroid and xenobiotic receptor, a nuclear receptor
for osteoblasts, thereby promoting collagen accumulation [206].

The potential benefits of vitamin K2 supplementation for bone loss and BMD (mainly
lumbear), especially in patients with osteoporosis, have been confirmed in several stud-
ies [207-209]. In non-osteoporotic individuals, no differences in BMD changes were re-
ported [208]. Furthermore, its positive impact on fracture risk needs to be further demon-
strated. According to Kanellakis et al. [210] and Omelka et al. [129], vitamin K2 in combina-
tion with Ca and vitamin D3 has the ability to improve BMD and reduce the risk of fractures
in postmenopausal women and rats after ovariectomy, respectively, thus demonstrating its
potential to enhance Ca and vitamin D3 treatment.

Several studies have shown interactions between vitamin K and postmenopausal
therapies, which include vitamin E, Ca, estrogen and other hormones [22,79].

4. Flavonoid Polyphenols and Osteoporosis

Polyphenols (referred to as natural phytochemicals) are secondary metabolites of
plants abundantly found in vegetables and fruits. They have a wide spectrum of bio-
logical activities, e.g., antioxidant, anti-inflammatory, anti-carcinogenic and antibacterial
impacts [211]. Many studies have shown that a diet rich in polyphenols helps to delay
the aging process and reduce the incidence of chronic diseases, such as cardiovascular
disorders, arteriosclerosis, cancer, type 2 diabetes mellitus, cataracts, cognitive impairment,
neurological diseases and even osteoporosis [19,107,212-215].

Flavonoids are a group of polyphenols widely distributed among vascular plants and
are also omnipresent in the daily diet. Approximately 4000 natural products are known
within the flavonoid family [216]. Many studies have reported that dietary flavonoid intake
is closely related to reducing the risk of osteoporosis [217-227]. In our previous review [19],
important non-flavonoid polyphenols (resveratrol, curcumin) as well as flavonoid polyphe-
nols (genistein, daidzein, icariin, epigallocatechin gallate), which play a crucial role in skele-
tal health and prevention of osteoporosis were characterized. Other important flavonoids,
such as quercetin, rutin, luteolin, kaempferol and naringin, with anti-osteoporotic impacts
are described herein. Chemical structures of aforementioned flavonoid polyphenols are
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illustrated in Figure 2. Figure 3 shows their effects on bone-related parameters in vivo as
well as on bone cell parameters in vitro.
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Figure 2. Chemical structures of described flavonoid polyphenols.
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Figure 3. Effects of described flavonoid polyphenols on bone microstructural and biochemical
parameters in vivo (left) and on bone cell parameters in vitro (right). The increase and decrease in
a given parameter is indicated by red arrows pointing up and down, respectively. Q, quercetin; R,
rutin; L, luteolin; K, kaempferol; N, naringin.
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4.1. Quercetin

Quercetin (3,5,7,3' 4’-pentahydroxyflavone) is a major dietary flavonoid in onion, red
leaf lettuce, asparagus, green pepper, tomatoes and other vegetables, fruits and tea, as
glycosides [227,228]. It has attracted great attention because of its anti-oxidative, anti-
carcinogenic, anti-inflammatory, antibacterial, antiviral, anti-obesity, lipid-reducing and
bone-conserving features [225,227]. Taking into account its protective effects against age-
related bone loss, the in vivo study by Tsuji et al. [229] showed that dietary quercetin (2.5%
for 4 weeks) can increase BMD and improve cortical and trabecular bone microstructure
in OVX mice. Enhanced BMD, trabecular bone microarchitecture as well as improved
bone strength have also been determined in OVX rats following quercetin administration
(50 mg/kg/day for 8 weeks) [230]. In the study by Abd El-Fattah et al. [231], quercetin
supplementation (50 mg/kg/day for 30 days) was associated with lower levels of ALP,
acid phosphatase (ACP) and higher levels of serum Ca and P. Quercetin was also able
to improve trabecular bone microarchitecture in disuse osteoporosis due to hind limb
inactivity in mice. In addition, quercetin had a dual effect in promoting bone formation
and inhibiting bone resorption, contributing to resistance to disuse-induced bone loss [227].
Numerous in vitro studies demonstrated an ability of quercetin to inhibit RANKL-induced
osteoclastogenesis, osteoblast apoptosis and oxidative stress [227,232-234]. On the other
hand, quercetin was able to elevate cell proliferation, bone sialoprotein (BSP), ALP activity,
runt-related transcription factor 2 (Runx-2), Ca content when incubated with murine pre-
osteoblastic MC3T3-E1 cells [235], rat osteoblast-like ROS 17/2.8 cells [236], osteoblasts
derived from rat calvaria [237] and human osteoblast-like MG-63 cells [238]. In addition,
quercetin is able to bind to estrogen receptors [239] and affects activity of both osteoblasts
and osteoclasts as well as the expression and activity of various inflammatory cytokines
involved in bone remodeling [240]. In the study by Wang et al. [241], quercetin enhanced
osteogenic differentiation and antioxidant responses of bone mesenchymal stem cells by
activating the AMPK/SIRT1 signaling pathway.

4.2. Rutin

Rutin (quercetin-3-rhamnosyl glucoside) is a flavonoid glycoside found in buckwheat,
tobacco and rue and is also present in vegetables, fruits, tea, wine and herbs [242,243]. It is
also known as vitamin P and possesses anti-oxidative, anti-viral, anti-inflammatory, anti-
hypertensive, anti-carcinogenic and bone-protective properties [243,244]. Because rutin is
a glycosylated form of quercetin, its clinical significance is limited by its low dissolution
rate and oral bioavailability. Ovariectomized rats intragastrically administered with rutin
(5 and 10 mg/kg for 3 months) had elevated femoral BMD, enhanced trabecular bone
microarchitecture and lower levels of pro-inflammatory cytokines (e.g., IL-6, TNF-« and
IFN-y), pointing to a decreased osteoclast activity [221]. Rutin inhibited the expression
of TNF-a and IL-6 also in the studies by Kyung et al. [245] and Middleton et al. [246].
Intraperitoneal administration of rutin (50 mg/kg/day for 4 weeks) significantly reduced
osteoclast activity via inhibition of IL-1f3, TNF-« and IL-6 in OVX mice as well [243]. More-
over, rutin significantly improved trabecular bone microarchitecture in the aforementioned
study. Horcajada-Molteni et al. [247] found that rutin is able to inhibit OVX-induced os-
teopenia by increasing osteoblast activity, which is related to a higher level of osteocalcin
in OVXrats. Gera et al. [222] used rutin nanosuspension (RUT-NS) as a potential therapy
for osteoporosis. The authors determined elevated ALP activity and enhanced trabecular
bone quality in OVX rats receiving RUT-NS (20 mg/kg for 2 months). Their findings from
in vitro experiments with RUT-NS revealed increased cell proliferation, antioxidant activity
and osteocalcin production in MG-63 osteoblast cells. In the study by Xiao et al. [248],
administration of rutin (10 mg/kg/day for 10 weeks by gastric perfusion) partially re-
versed trabecular bone loss in rats after ovariectomy. In addition, rutin promoted bone
marrow mesenchymal stem cell autophagy by inhibiting phosphorylated Akt in osteoporo-
sis. Their results also suggest that rutin could regulate FNCD1 (encodes a fibronectin type
III domain-containing protein) level and autophagy via the Akt/mTOR signaling pathway.
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4.3. Luteolin

Luteolin (3,4,5,7-tetrahydroxyflavone) is a flavonoid present in many herbal extracts in-
cluding celery, chamomile, green pepper, perilla leaf and seeds. It has a wide range of health
benefits, including antioxidant, anti-inflammatory and anti-carcinogenic effects [249,250].
It effectively reduces the production of pro-inflammatory cytokines (e.g., TNF-«, IL-6) in
an activated macrophage-like cell line [251]. An inhibited production of pro-inflammatory
mediators by osteoblastic MC3T3-E1 cells has also been noted [252]. Luteolin supplemen-
tation (5 and 20 mg/kg/day for 30 days) significantly increased BMD, BMC, trabecular
number in the femur of OVX mice and also prevented the decrease in bone strength [223].
Significantly elevated cortical BMD, cortical BMC, higher ALP levels, reduced osteocalcin
and CTX levels were recorded in OVX mice as well [253]. The study by Jing et al. [224]
showed that luteolin is able to alleviate glucocorticoid-induced osteoporosis by regulating
the ERK/Lrp-5/GSK-3§ signaling pathway in both in vivo and in vitro conditions. Lu-
teolin treatment (25, 50 and 100 mg/kg/day for 2 months) was associated with higher
trabecular number, improved trabecular bone microarchitecture, raised femoral BMD and
BMC, promoted bone strength, reduced oxidative stress and increased osteoblastic differen-
tiation in rats with glucocorticoid-induced osteoporosis. In dexamethasone (DXM)-treated
MC3T3-E1 cells, luteolin administration (0.05, 0.1 and 0.2 uM for 48 h) elevated superoxide
dismutase (SOD) activity and intracellular glutathione (GSH) level and decreased oxidative
stress. Luteolin also promoted osteoblast differentiation via elevated expression levels
of osteogenic markers as well as activation of the Wnt signaling pathway. In addition,
increased ALP activity, promoted mineralization and reduced osteoclast activity via increas-
ing OPG/RANKL ratio were demonstrated [224]. According to Kim et al. [223], luteolin
inhibited osteoclastogenesis from bone marrow mononuclear cells and decreased resorp-
tion activity of mature osteoclasts via its inhibitory effects on RANKL-induced osteoclast
formation [253].

4.4. Kaempferol

Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is a
flavonoid discovered in many vegetables, fruits and herbs, including spinach, kale, broccoli,
tomatoes, grapes, tea and Ginkgo biloba leaves [254]. Kaempferol possesses various health
benefits, which include cardioprotective, neuroprotective, anti-allergic, anti-carcinogenic,
anti-microbial, anti-obesity, anti-oxidative, anti-inflammatory and anti-osteoporotic im-
pacts [217,255]. Various studies have shown that kaempferol promotes bone formation
and induces bone cell differentiation to alleviate osteoporosis [217,218]. In the study by
Trivedi et al. [256], kaempferol supplementation (5 mg/kg/bw for 10 weeks) was associated
with raised femoral BMD, compressive energy in vertebrae and bone turnover inhibition
accompanied by decreased serum ALP levels in OVX rats. Moreover, kaempferol increased
mineralized nodules in rat primary osteoblasts and inhibited bone marrow adipogenesis.
Increased femoral BMD has also been observed in OVX rats after kaempferol treatment
(5 mg/kg/bw for 8 weeks) in the study by Nowak et al. [257]. These authors determined
improved trabecular bone microarchitecture, decreased levels of bone turnover markers (os-
teocalcin, CTX) as well as reduced RANKL level. The results of Liu et al. [258] correspond
to the aforementioned studies, as they again point to an elevated BMD and relative bone
volume in OVX rats following kaempferol administration (5 mg/kg/day for 12 weeks). In
addition, kaempferol promoted the differentiation of bone marrow mesenchymal stem cells
by raising the expression of CTCL12, indicating its ability to alleviate osteoporosis. Several
in vitro studies have shown anti-osteoclastogenic impacts of kaempferol that may be re-
lated to downregulation of osteoclastogenic factors including RANKL, Fos proto-oncogene
(c-Fos), nuclear factor of activated T-cells cytoplasmic 1 (NFATcl) and tumor necrosis
factor receptor-associated factor 6 (TRAF6) in kaempferol-treated cells [219,259]. More-
over, kaempferol can also modulate bone metabolism through estrogen receptor (ER) [260].
Studies by Tang et al. [261] and Yang et al. [262] confirmed that kaempferol activated
ERpB-mediated ERE-reporter transcription in MG-63 osteoblasts and osteoblast-like UMR
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cells, respectively. Stimulation of estrogen signaling is associated with activation of the
Wnt signaling pathway, thereby achieving the potential for bone-protective effects [218].

4.5. Naringin

Naringin (naringenin 7-O-neohesperidose) is a flavanone glycoside commonly found
in citrus fruits, grapes, cherries, tomatoes and oregano. It has a strong hot taste of grapefruit
juice [263,264]. Naringin possesses a number of biological and pharmacological charac-
teristics, such as antioxidant, anti-carcinogenic, anti-inflammatory, anti-ulcer, anti-apoptic
and anti-osteoporotic effects [265]. Naringin supplementation elevated femoral bone mass
by increasing both trabecular and cortical bone quality in healthy mice [220]. In the study
by Pang et al. [266], enhanced femoral, tibial and lumbal bone quality as well as reduced
urinary Ca excretion and higher bone strength were determined in OVX mice after naringin
treatment (200 and 400 mg/kg/day for 6 weeks). Wang et al. [267] reported raised bone
strength in OVX mice even at a lower dose of naringin (5 mg/kg for 6 weeks), while the
authors noted improved ALP, RUNX2 and collagen I expression in vivo as well. Signifi-
cantly increased BMD and enhanced trabecular bone microarchitecture were observed in
OVX mice following naringin administration (300 mg/kg for 2 months) [268]. Naringin
intake was consistent with identical findings also in OV X rats [269]. Various in vitro studies
indicate that naringin significantly elevated proliferation of osteoprogenitor cells, includ-
ing murine pre-osteoblasts (MC3T3-E1) as well as cells with an osteoblastic phenotype,
such as human and murine primary fetal osteoblasts [226,270]. Naringin administration
raised in vitro expression of bone morphogenetic proteins (BMPs) and activation of Wnt/f3-
catenin pathway [264]. Moreover, naringin exerts estrogen-like effect and significantly
elevates ALP activity in rat UMR-106 cells [266,271]. Naringin was also able to inhibit
osteoclastogenesis by modifying RANK/RANKL interactions and inducing apoptosis in
osteoclasts [264].

5. Conclusions

Adequate nutritional status is crucial for skeletal health. A balanced diet that meets
daily caloric needs and contains the required daily intake of Ca and vitamin D is a key
factor in achieving maximum peak bone mass as well as reducing the rate of bone loss in the
elderly. The amount of other nutrients in food (including both macro- and micronutrients)
can also affect bone health. It should be noted that there is no accidental relationship
between different nutrients and osteoporosis prevention and treatment with the exception
of Ca and vitamin D. The lack of these two nutrients causes a higher risk of fragility
fractures. The impacts of Ca and vitamin D on osteoporotic bone quality cannot be assessed
separately from other components of the diet such as P, Mg and vitamins C and K, which
are involved in bone metabolism. Therefore, these nutrients appear to be promising for the
prevention and treatment of osteoporosis as well; however, further experiments and data
are required. There are also a large number of flavonoid polyphenols, which are considered
vital elements in reducing the risk of osteoporosis. Diets mainly rich in fruits, vegetables,
seafood and fish oil supplements and specific dairy products contain all these nutritional
substances and are considered healthy for bones. Thus, in addition to pharmacotherapy,
this healthy diet can have an anti-osteoporotic impact (it may slow the degeneration of bone
and muscle tissue and thereby reduce the risk of falls and fractures) together with regular
physical activity. However, the effect of diet becomes more important with increasing age
and, in addition, may depend on an individual’s genotype, gene-diet interactions or the
composition and function of the gut microbiota.

Based on the information provided above, the following dietary recommendations
can be made to help prevent osteoporosis:

- Foods with a high energy density, such as foods rich in PUFAs, fruits and vegetables,

high in fibers and high-quality animal or plant-based proteins, should be selected as a
matter of priority to ensure sufficient vitamins and minerals.
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- Supplements, such as calcium carbonate or calcium citrate, may be used to improve
skeletal health if there are dietary deficiencies.

- Vitamin D deficiency can be corrected by either extending time spent outdoors, taking
supplements, or in combination.

- Foods and beverages with a poor nutrient density, such as foods made from simple
carbohydrates, carbonated and sugar-sweetened beverages or products high in Na or
SFAs should be either reduced or excluded.
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