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Abstract

Osteoporosis and osteopenia impact more than 54 million Americans, resulting in significant
morbidity and mortality. Alterations in bone remodeling are the hallmarks for osteoporosis, and
thus the development of novel treatments that will prevent or treat bone diseases would be
clinically significant, and improve the quality of life for these patients. Bone remodeling involves
the removal of old bone by osteoclasts and the formation of new bone by osteoblasts. This process
is tightly coupled, and is essential for the maintenance of bone strength and integrity. Since the
osteoclast is the only cell capable of bone resorption, the development of drugs to treat bone
disorders has primarily focused on reducing osteoclast differentiation, maturation, and bone
resorption mechanisms, and there are few treatments that actually increase bone formation.
Evidence from observational, experimental, and clinical studies demonstrate a positive link
between naturally occurring compounds and improved indices of bone health. While many natural
extracts and compounds are reported to have beneficial effects on bone, only resveratrol,
sulforaphane, specific phenolic acids and anthocyanins, have been shown to both increase bone
formation and reduce resorption through their effects on the bone epigenome. Each of these
compounds alters specific aspects of the bone epigenome to improve osteoblast differentiation,
reduce osteoblast apoptosis, improve bone mineralization, and reduce osteoclast differentiation
and function. This review focuses on these specific natural compounds and their epigenetic
regulation of bone remodeling.
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3.0

Introduction

Bone formation in mammals develops from three specific cell types through a variety of
signaling mechanisms [1-4]. The facial bones in the skull are formed by the neural crest,
while the axial skeleton of the trunk, base of the skull, parietal bones, ribs and vertebrae are
formed from the paraxial mesoderm. The lateral plate mesoderm, a pair of neurula-stage
mesodermal sheets that are located lateral to the intermediate mesoderm, forms the
appendicular limb skeleton [1-4]. In the face and skull, osteogenesis occurs through the
process of intramembranous ossification where mesenchymal stem cell derived osteoblasts
condense and directly form bone [2]. The remainder of the boney skeleton is formed by
secondary ossification of cartilage templates by the process of endochondral ossification [1-
4]. During endochondral ossification bone develops through the intermediate step of
replacing hyaline cartilage. The cartilage does not form bone, but instead serves as a
template that is entirely replaced by new bone, and therefore this process takes a longer time
than intramembranous ossification [1-4]. Once formed, the processes of bone modeling and
remodeling involve bone formation or bone resorption on bone surface. Both processes
impact the structure of bone, however remodeling also impacts microdamage,
mineralization, and collagen cross-linking [4].

3.1 Bone remodeling

Bone remodeling in vertebrates is a tightly coupled and dynamic process in which old bone
is removed by osteoclasts, and new bone is formed by osteoblasts [5-7]. This process is
highly integrated and is essential for the maintenance of bone strength and integrity [8, 9].
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Bone remodeling assures the plasticity of bone and coupling imbalances may lead to
increased bone mass (osteopetrosis) or reduced bone mass (osteoporosis).

Osteoblasts are the primary bone producing cells and differentiate derived from
mesenchymal stem cells (MSCs) [1,10]. Osteoblasts biosynthesize extracellular proteins
including collagen, osteocalcin and other proteins that make up the major components of
bone [10]. These cells play a central role in the ossification process by secreting the
extracellular matrix proteins and increasing the mineralization of the bone matrix [1, 10].
The mineralized bone matrix provides strength to the skeleton, as well as supplies the
necessary minerals and growth factors.

The differentiation of MSCs to osteoblast lineage cells is regulated by many transcription
factors, including Runt-related transcription factor 2 (Runx2) which has many targets and
upstream regulators, including Sp7/Osterix [2-3, 11]. Experiments using transgenic Runx2-
and Sp7/Osx-null mutant rodents, showed a complete lack of bones, while in humans, these
mutations are associated with serious bone disorders [3, 12]. Other upstream regulators of
osteoblast differentiation also include Wnt/notch, Sox9, Msx2 and hedgehog signaling, and
other co-activators include bone morphogenic proteins and parathyroid hormone. Osteoblast
differentiation is further supported by vitamin D and histone deacetylases (HDACS) [3,12].
Mature osteoblasts also play a pivotal role in the regulation of osteoclast differentiation
(osteoclastogenesis), blood Ca2+ homeostasis, and the control of CaZ* release by
osteoclasts. Thus, determining the mechanisms that regulate osteoblast differentiation and
function are of critical importance for the clinical prevention and management of osteopenia
and osteoporosis, as well as common skeletal disorders that are associated with diminished
osteoblast production and function, such as in seen in chronic alcoholism [2,3,11].

Osteoclasts are large multinucleate bone cells that are derived from monocyte/macrophage
lineage precursor cells [13]. Osteoclasts are the only cells that are capable of degrading
mineralized bone, and are important for bone remodeling and calcium homeostasis [13-15].
The bone resorption activities of osteoclasts are regulated by a wide variety of factors and
signaling pathways, including bone morphogenic proteins, calcitonin, the receptor activator
of nuclear factor kappa-B (NF-xB) ligand (RANKL), Wingless/Integrated signaling pathway
(Whnt), interleukins (IL)-1, IL-6, IL-11, macrophage colony-stimulating factor (M-CSF), and
parathyroid hormone (PTH) [13-15]. Excessive osteoclast activity plays an important role in
the development of many bone pathologies including osteoporosis, osteopetrosis,
rheumatoid arthritis, bone loss in alcoholism, and metastatic tumor disease [13-15]. Since
the osteoclast is the only cell able to induce bone resorption, investigations of bone disease
pathology have focused primarily on the mechanisms of osteoclast differentiation,
maturation and function, which has led to the development of drugs that reduce
osteoclastogenesis, such as the bisphosphonates.

3.2 Diseases of bone remodeling

In adults, bone loss may be induced by an increase of bone remodeling, where there is a high
turnover of bone due to increased resorption [9]. Bone loss may also be caused by
uncoupling of bone remodeling, where there is an increased in bone resorption due to
increased osteoclast activity, and reduced formation (as in alcoholism) [9, 16]. The third type
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of bone loss involves reduced bone remodeling when bone resorption, although reduced, still
outpaces formation [9, 16]. Uncoupled bone remodeling leads to very rapid (e.g., months)
bone loss as compared with bone loss resulting from a remodeling imbalance (years) [9, 16].
Interestingly, heavy alcohol consumption also reduces bone mineral density, impairs bone
quality and increases fracture risk by uncoupling bone formation [16]. Ethanol exposure
decreases the indices of osteoblast activity and differentiation in cultured human osteoblasts,
but also increases the activity of osteoclasts thereby uncoupling remodeling [16]. These data
are consistent with findings from chronic alcoholics [17]. During uncoupling of bone
remodeling, the proliferation and function of osteoblasts is reduced, while the activity of
osteoclasts is increased, thus increased bone resorption is not replaced with newly bone
formation.

Osteoporosis is the most common bone remodeling disease that results from an increase in
bone resorption and a reduction in bone formation, leading to an increased risk of fragility
fractures [18-20]. Osteoporosis and osteopenia affect over 54 million Americans, with
estimated healthcare costs of > $20 billion USD annually [21, 22]. Osteoporosis has become
a global epidemic, and current estimates suggest that > 200 million people are currently
living with this disease [22]. Statistics from the International Osteoporosis Foundation
suggest that one in three women over the age of 50 years, and one in five men will suffer
from osteoporotic fractures during their lifetime, resulting in loss of independence, health
and productivity [22]. However, there are many other serious remodeling bone disorders,
including Paget’s disease, that affects ~1 million Americans; renal osteodystrophy
associated with dialysis therapy; alcohol-associated bone loss; osteopetrosis and non-
inherited (dietary) rickets (rare) [23, 24].

Osteopetrosis refers to a group of rare heritable metabolic bone disorders that affect >
14,000 Americans annually [24]. The genetic mutations associated with osteopetrosis are
associated with genes involved in the differentiation and function of osteoclasts, leading to
abnormal or too few osteoclasts. These diseases usually present in clinic as abnormally
dense bone that is prone to fracture [24]. The symptoms and severity of osteopetrosis vary
greatly depending on the age of onset and type, but most cases include abnormal cortical
bone morphology, and abnormal rib and pelvis bone ossification, as well as abnormal cranial
nerve morphology [24]. There are several major types of osteopetrosis that are normally
diagnosed by their pattern of inheritance and include: autosomal dominant, autosomal
recessive, or X-linked [24]. In this disease, there is an impairment of bone modeling and
remodeling due to the failure of osteoclasts to resorb bone. This alteration in bone resorption
leads to an abnormal increase in bone mass, but an increased risk of fracture [24]. Treatment
for osteopetrosis is based on the individual patient and specific symptoms but includes
nutritional support, vitamin D, gamma interferon, bone marrow transplant and other
surgeries. Therefore, a better understanding of the molecular and epigenetic mechanisms
that regulate bone remodeling will significantly impact these patients as well, and the
development of safe and effective drug or dietary treatments would be clinically important.
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3.3 Treatment of bone remodeling disorders

3.3.1 Bisphosphonates—Since the osteoclast is the only cell capable of bone
resorption, analyses of osteoclast differentiation, maturation, regulation, and bone resorption
mechanisms have remained the central focus for new therapeutic approaches for
osteoporosis, and are the primary target of the bisphosphonates [25-28]. The development of
the bisphosphonates (BPPs; also known as diphosphonates) from inorganic pyrophosphates
occurred in the late 1960s. Studies have shown that BPPs are selectively absorbed onto the
bone mineral surface where they inhibit the function of osteoclasts, and thereby reduce bone
resorption [25-28]. The BPPs are made up of two groups: the non-amino (non-nitrogen)
containing compounds (etidronate and clondronate) with interfere with ATP-dependent
intracellular pathways and the amino (nitrogen) containing compounds, such as
pamidronate, alendronate, ibandronate and zoledronate [27-28]. These compounds inhibit
key enzymes in the mevalonate pathway such as farnesyl pyrophosphate synthase that is
required for the post-translational prenylation of GTPase which is essential for intracellular
signaling in osteoclasts [25-28]. The BPPs have played a fundamental role in the
management of osteoporosis but have also some value in treating osteogenesis imperfecta,
Paget’s disease and bone disorders associated with cancer [26-28].

Adverse events associated with BPP use include increased risk of osteonecrosis of the jaw,
atypical femur fractures, hypocalcemia, gastro-intestinal side effects and atrial fibrillation
[25-28]. In addition, anti-resorption agents, such as bisphosphonates, are reported to also
inhibit bone formation by osteoblasts [25-28]. This is problematic since bone strength and
integrity are dependent on a balance of both bone formation and resorption, and this balance
is determined primarily by the function of both osteoblasts and osteoclasts [26]. Therefore,
future development of new therapeutic options for bone loss should focus on both bone
resorption and bone formation.

3.3.2 Bone anabolic agents—Currently, there are few treatments known to build bone,
but these include the anabolic agents, estrogen replacement therapies, and intermittent
parathyroid hormone (IPTH) [29-32]. While all of these treatments are available, they have
serious adverse events associated with their use, and thus are not routinely recommended for
the treatment of osteoporosis and other bone remodeling disorders [31]. IPTH is only
approved for treatment of severe osteoporosis in the U.S., due to serious adverse events, and
its potential to increase the development of osteosarcoma [32]. Several anabolic agents have
been approved for use in severe cases of osteoporosis, but the use of these agents is
restricted to only those patients in which other anti-osteoporosis drugs have failed, or in
patients that are intolerant to these agents or have conditions that are contraindicated with
other osteoporosis agents, as well as glucocorticoid-induced osteoporosis [33, 34]. The US
Food and Drug Administration has approved a number of new anabolic agents for
osteoporosis, including teriparatide and abaloparatide [34]. Both teriparatide and
abaloparatide have been shown to significantly reduce vertebral and non-vertebral fractures
in clinical trials, however since both are administered by subcutaneous injection, their daily
use by patients is more difficult than oral drugs [34]. The adverse events associated with
these two drugs are similar however, abaloparatide has somewhat higher incidence of serious
adverse events drugs including heart palpitations and severe nausea, while teriparatide has a
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higher incidence of hypercalcemia and injection site hematomas. Both drugs have similar
risks for other adverse events and are carcinogenic (bone tumors) in rodents [34]. One new
anabolic drug, Romozosumab, is also under review by the FDA. Romozosumab is a
monoclonal antibody that has been shown to bind to, and inhibit, the activity of sclerostin,
thereby reducing bone resorption and increasing bone formation [35]. Sclerostin is a
glycoprotein produced in osteocytes that, when activated, inhibits canonical Wnt signaling
and bone formation. When Romozosumab binds to sclerostin it increases the interaction of
the Wnt ligands with their co-receptors, resulting in increased in bone formation and
improved bone mineral density (BMD). In clinical trials, Romozosumab, in combination
with alendronate, has been shown to significantly reduce the risk of fracture in
postmenopausal women after 12 months of treatment [35]. However, considering that the
use of these agents is restricted, as well as the frequency and potential serious nature of the
adverse events associated with these new drugs, and the fact that they require daily injections
or a doctor’s visit, new safer preventative and/or therapeutic agents for bone loss are
urgently needed.

4.0 Epigenetic regulation of bone formation

Along with dietary and lifestyle factors involved in bone health, genetic and epigenetic
factors also play a role in the regulation of bone remodeling (Figure 1) [36-38]. The
mechanisms by which organisms are able to alter gene expression and modify cellular
processes in response to external and internal environmental stimuli including aging, diet,
mechanical stress, obesity-related adipokines and inflammatory cytokines are known as
epigenetic regulation [36-37]. Epigenetics is defined as changes in the genome that are
heritable, and alterations of gene expression and/or function occur without alterations in
underlying genomic DNA [37]. Over the past ten years, numerous investigations have
suggested that epigenetic alterations play a primary role in normal bone formation and
function, as well as in bone remodeling and pathogenesis [36-38]. Growing evidence
suggests that epigenetic dysregulation and inappropriate gene expression or silencing may
be the missing links between genetic and environmental factors and the increased risk of
osteoporosis and bone fracture [38]. Epigenetic regulation of bone formation refers to the
mechanisms that impact gene expression such as posttranslational histone modifications,
miRNA-mediated post-transcriptional regulation and DNA methylation [reviewed in 36-38].

4.1 DNA methylation

Briefly, DNA methylation involves the transfer of a methyl group from S-adenosyl-L-
methionine, a methyl precursor, to the 5 position of cytosines in CpG dinucleotides [36-39].
DNA methylation silences gene expression by preventing key transcription factors from
binding, and thus altering a wide range of cellular processes in bone. The silencing of
transcription by DNA methylation also increases the recruitment of methyl CpG-binding
transcriptional repressors inducing a condensed chromatin state [36—39]. DNA methylation
is catalyzed by DNA methyltransferases (DNMTSs), which are encoded by four DNMT
genes: DNMT1, DNMT2, DNMT3A and DNMT3B [38, 40]. In bone, published studies
have suggested that DNA methylation plays an important role in the control of genes related
to both osteoblast and osteoclast differentiation, including Wnt, RANK/RANKL, and other
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key signaling pathways [reviewed in 36, 40]. Epigenetic modifications, such as reversible
histone modification and DNA methylation, regulate gene transcription and are associated
with bone diseases, including osteoporosis [41-43].

4.2 Histone modifications

Histone madifications are enzymatically catalyzed by histone methyltransferases (HMTS),
histone demethylases (HDMs) histone acetyltransferases (HATS), and histone deacetylases
(HDACS) [36-37, 44-49; Figure 2]. These enzymes post-translationally modify the N-
terminal of histones and these include modifications in acetylation, methylation,
phosphorylation, biotinylation and ubiquitination [36-37, 44—47]. Histone
methyltransferases add methyl groups to lysine and/or arginine residues in histones, while
HDMs remove the methyl groups. Histone acetyltransferases catalyze the addition of an
acetyl group to lysine residues of histones and increases transcription. Whereas HDACs
repress transcription by deacetylation, altering the structural confirmation of histones and
increasing the affinity of the lysine side chain for negatively charged DNA, and increasing
chromatin condensation [36-37, 45-46]. In mammals, there are 18 histone deacetylase
enzymes that are subdivided into different classes according to their homology with yeast
HDACs [36-37, 45-47]. Class | includes the HDACs 1, 2, 3, and 8, which are located in the
nucleus, and ubiquitously expressed in human cell lines and tissues. Class Il are subdivided
into two subclasses: Ila (HDAC 4, 7, and 9) and I1b (HDAC 6 and 10) and can move
between the nucleus and cytoplasm. Class 111 HDACs, also known as the sirtuins [45-46].
The sirtuins (silent information regulator 2-Sir2, SIRTs) are a group of highly conserved
nicotinamide adenine dinucleotide (NAD)-dependent enzymes [45-46]. SIRTs deacetylate
histones and non-histone proteins, including important transcription factors, proteins and
enzymes that play a role in chromatin architecture, gene expression, as well as cellular
metabolism [36-37, 45-47]. There are currently seven known SIRTs (SIRT1-7) in mammals,
of which SIRT1 is located in the nucleus and SIRT3 is located in the mitochondria [45-46].
In terms of bone, HDACs deacetylate lysine residues of non-histone proteins, including
osterix/sp7, Runx2 and other transcription factors affecting their stability and/or cellular
localization to influence gene expression [36—39].

In recent years, the differentiation of mesenchymal stem cells to pre-mature and mature
osteoblasts has been shown to also be regulated by epigenetic mechanisms, including the
alteration nucleosome organization by methylation/acetylation of the N-terminal of histone 3
lysine 27 (H3K27) at the transcriptional start site of osteoblast specific genes [44, 48—49].
These enzymatic modifications alter promoter accessibility and the transcription of key
genes needed for osteoblast differentiation. The differentiation of MSCs to pre-mature and
mature osteoblasts is associated with the upregulation of Runx2, osteocalcin, and OPN [48-
49]. These changes in gene expression in MSCs is mediated in part by the Polycomb group
(PcG) protein complexes by epigenetic alterations of chromatin [44,48-49]. PcG protein
complexes act as transcriptional repressors, and Polycomb repressive complex 1 interacts
with chromatin remodelers to induce a repressive heterochromatin state [48-49]. In humans,
Polycomb repressive complex 2 contains three subunits: enhancer of Zeste Homology 2
(EZH2), suppressor of Zeste 12, and embryonic ectoderm development [47]. The histone
methyltransferase, EZH2, trimethylates histone 3 at lysine 27 (H3K27me3). This
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trimethylation leads to the recruitment of PRC1 and condenses chromatin, as well as
repressing gene expression. During osteoblast differentiation, Runx2 and osteocalcin are
repressed in the presence of EZH2 through a significant increase of H3K27me3 activity.
Dudakovic et al., [48-49] have shown that inhibition of EZH2 activity increases MSC
commitment and their differentiation in vitro, and in wild type mice, pharmacological
inhibition of EZH2 increased bone formation. Thus, EZH2 activity is necessary for
osteoblast differentiation and skeletal development. This group has further demonstrated that
this epigenetic mechanism is also involved in bone loss associated with estrogen depletion,
as inhibition of EZH2 prevented bone loss in ovariectomized mice [49]. Godfrey et al., [44]
have further demonstrated that specific osteoblast promoters are altered from a suppressed
state (H3K27me3) to an active state (H3K27ac) during differentiation. These modifications
of histone 3 (H3) are orchestrated by the Polycomb Repressive Complex (PRC2) via EZH2,
and the Brgl associated complex (BAF) via BAF45A. The PRC2 complex is primarily
responsible for the deposition of H3K27me3, while BAF is linked to the H3K27ac
modification through chromatin remodeling [48-49].

4.3 Non-coding RNAs

The final category of epigenetic modifiers includes the small noncoding RNAs (ncRNAS)
[38, 50-51]. These are small functional RNA molecules that are transcribed by DNA but are
not translated into proteins. Of the ncRNAs, the microRNA (miRNA) function to regulate
post-translational gene expression by reducing their target mMRNAs and/or by inhibiting
mRNA translation [38, 50-51]. These miRNAs are also involved in the regulation of specific
genes involved in cell differentiation and apoptosis [38]. An accumulating body of evidence
suggest that miRNASs play a critical role in the regulation of various biological processes,
including bone homeostasis [50]. MicroRNAs appear to be involved in the regulation of
osteoblast and osteoclast differentiation, as well as bone resorption [50-53; Figure 3].
Human studies have shown that the expression of several miRNAs is significantly increased
in the serum of patients with osteoporotic fractures, and these miRNAs are known to
enhance osteogenic differentiation [53]. Interestingly, miRNAs are some of the most
common RNA species in serum, thus it is possible that they may be useful as biomarkers for
diagnostic purposes of specific disease states, and therefore are interesting targets for drug
development [54]. A recent study has shown that miR-23a Cl, a key non-coding miRNA,
played a critical role the promotion of osteoblast differentiation, and thereby controlled
skeletogenesis [44]. These researchers showed that knock-down of miR-23a-Cl in mice
resulted in an increased expression of BAF45a and Runx2, as well as a reduced expression
of EZH2. Overall, these data suggest that knockdown of miR-23a ClI in this mouse model
significantly increased osteoblast differentiation and bone formation [44].

5.0 Methods

Over the past ten years, the impact of natural compounds on the epigenome has become the
focus of investigations in cancer biology, neurology, nephrology and bone research. For this
review, searches for studies detailing the effects of dietary and natural compounds on bone
remodeling with an experimentally confirmed epigenetic mechanism of action were
conducted in numerous electronic databases including MEDLINE, PubMed CENTRAL,
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NAPRALERT, Google Scholar and Scopus electronic databases from conception until
December 31, 2018, without language restrictions, using relevant keywords in both free text
and Medical Subject Headings (MeSH terms) format. Terms for the searches of the scientific
and medical literature included anthocyanins, anthocyanidins, bone, natural compounds/
products, herbal medicines, dietary compounds, ferulic acid, resveratrol, syringic acid,
osteoblast, osteoclast, epigenetic, miRNA, MSCs, histone, HDAC, SIRT, and DNA
methylation. The Boolean connectors used included AND, OR and NOT, and publications in
all languages were reviewed. Searches of the alternative literature were conducted in UIC
repositories, catalogues (UIC) for books, abstracts and websites (OpenGray, GetNet
International) as well as conference proceedings of both national and international. Two
researchers (GBM and NR) independently extracted data from the studies using and
disagreement between them was resolved by consensus with a third researcher (TOL). Data
was derived from all studies that described natural or dietary compounds with impact on
bone remodeling AND epigenetic mechanisms of action. These natural compounds
included: resveratrol, sulforaphane, ferulic acid, syringic acid, anthocyanins/anthocyanidins,
delphinidin, delphinidin-3-glucoside, cyanidin and cyanidin-3-glucoside. The available data
that correlated the effects of these compounds on any aspect of bone remodeling AND
epigenetic mechanisms of action was analyzed. A critical analysis of these data was
performed, and possible future directions for this research were suggested.

6.0 Results

6.1 Dietary interventions for bone remodeling

Evidence from observational, experimental and clinical studies strongly suggest a positive
link between high fruit and vegetable consumption and the indices of bone health [55-58].
Just using plum as one example, there are more than 100 published studies (including
clinical trials) in PubMed alone all indicating that these fruits have significant impact on
bone health. Furthermore, numerous investigations have demonstrated that many naturally
occurring compounds, including flavonoids, polyphenolic and other compounds reduce bone
resorption and increase bone mineral density in in vitro, in vivo and in human studies
[reviewed in 57-59]. Most of these reviews have focused on the effects of natural plant-
based extracts and pure compounds in cultured osteoblasts and animal models of
osteoporosis, and the involvement of anabolic signaling pathways including bone
morphogenic proteins, and estrogen receptor signaling pathways [58-59]. However, very
few natural compounds have actually been investigated for their effects on the epigenome in
bone remodeling, and the epigenetic regulation of bone remodeling by naturally occurring
compounds has not been the focus of previously published reviews.

6.2 Dietary compounds as epigenetic modulators of bone remodeling

6.2.1 Resveratrol (Figure 4)—One of the dietary compounds most studied for bone
remodeling is resveratrol. Resveratrol (3,5,4’-trihydroxystilbene; RES) is a naturally
occurring polyphenolic compound that is found in red wine, red grape skins, acai berry,
peanuts, and many other plant species, and is reported to have positive effects on health and
increase life span [59-65]. Numerous investigations have reported on the wide range of
pharmacological effects associated with RES, including as a treatment for metabolic and
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bone disorders, diabetes, cancer, cardiovascular, inflammatory and neurodegenerative
disorders [62-65].

In terms of clinical trials, RES was first shown to be of benefit in bone remodeling by
Ornstrup et al., in 2014 [66]. This group performed a randomized placebo controlled
involving 74 middle aged obese men with metabolic syndrome. The patients were treated
with high dose RES (1 g/day); low dose RES (150 mg/day) or placebo, and the primary
outcome measured was a change in bone ALP. The results of the study showed that
treatment with RES (1 gm/day) significantly increased ALP and lumbar spine bone mineral
density in obese men, but had no effects at the hip [66]. In a second study, Bo et al. [67]
performed a randomized, placebo-controlled, double-blind study involving 192 patients with
type 2 diabetes. The patients were randomized in three arms, a RES 500 mg/day; RES40
mg/day or placebo and treatment continued for six months. Outcomes measured included
bone ALP, bone mineralization, bone mineral content, as well as calcium, phosphorus, and
25-hydroxy vitamin D concentrations in the serum. After 6 months of treatment, the serum
levels of calcium were increased, and bone ALP levels were higher in the RES treated
groups. Interestingly, RES 500 mg/day also increased serum levels of 25-hydroxy vitamin D.
The study further demonstrated that supplementation with RES 500 mg reduced bone
mineral density loss in patients with type 2 diabetes [67]. These clinical trials are supported
by numerous in vivo studies demonstrating that resveratrol improves bone mineral density,
bone microarchitecture and remodeling [68-73]. In animal studies, RES treatments
increased osteoblastogenesis by upregulating the estrogen receptor-dependent bone
morphogenetic protein 2 (BMP-2) which reduced bone loss in ovariectomized rats [70-71].
In osteoporosis models, RES suppresses bone resorption by reducing the expression of
nuclear factor kappa-p ligand (RANKL), that is significantly up-regulated in osteoporosis
and a major cause of bone resorption [12]. In bone, RANKL is secreted by osteoblasts and
binds to the RANK receptor on osteoclast precursor cells and mature osteoclasts, thereby
activating osteoclastogenesis [72]. In 2011, Shakibaei et al., [73] demonstrated that RES
suppressed RANKL induced NF-xp activation, and thereby prevented the differentiation and
activation of multinucleated osteoclasts. Resveratrol treatment also activated the osteogenic
factors Runx2 and SIRT1, as well as enhanced bone formation. These researchers further
demonstrated that RANKL increased NF-xf signaling and p300 functions in osteoclasts,
while treatment with RES reversed RANKL-pSOO-NF-«xf activation, and thereby reduced
bone resorption [73]. In terms of other biological targets, RES altered the expression of
intracellular mediators including cyclooxygenases, estrogen receptors, MAPK, mTOR and
PI3K/Akt, microRNAs, NF-xp, phosphodiesterases, and several protein Kinases [74-76]. All
of these mediators are known to modulate multiple biochemical and signaling pathways that
effect a variety of cellular processes such as cell cycle regulation, metabolism, post-
translational modifications and inflammatory responses [77]. Furthermore, RES has also
been shown to regulate modifications in DNA and histone proteins, thereby impacting gene
expression and silencing of some important cellular processes including apoptosis, genomic
imprinting, chromosome activation and stem cell pluripotency [78-79]. Several other
epigenetic mechanisms are also reported to be affected by RES, HDAC activation, DNA
methylation, and lysine-specific demethylase-1 (LSD1) [65].
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Interestingly, RES has structural similarity to diethylstilbestrol and acts as an estrogen
receptor agonist [59]. RES is reported impact osteoporosis by not only reducing osteoclast
proliferation, but also by increasing osteoblast differentiation and function [62,80-81]. In
2004, Lian et al. [80] reported that a portion of MSCs differentiated to adipocytes in
presence of the sirtuin 1 (SIRT1) inhibitor nicotinamide, but pre-treatment of these cells with
RES prevented adipocyte differentiation. Furthermore, the transcription factor Runx2 was
also inhibited by nicotinamide (SIRT1 inhibitor), and RES treatments were able to reverse
these effects in osteoblasts [80]. Thus, RES is a SIRT1 activator and increases Runx2
expression, as well as osteoblast differentiation and function. RES treatment of cultured
C3H10T1/2 mesenchymal cells also reduced adipocyte development and increased the
expression of osteoblast markers [81]. However, treatment with nicotinamide, a SIRT1
inhibitor, increased adipocyte number and the expression of adipocyte markers [81]. In
addition, treatment of rat primary bone marrow stromal cells, with RES increased the
expression of expression of osteoblast markers and bone mineralization [82]. This was also
observed in human and mouse MSCs, as treatment that is involved in the recruitment and
differentiation of osteoblasts, with RES also stimulated osteoblast differentiation and
proliferation [82—85]. In 2011, Lee et al., [85] reported that treatment of human periodontal
ligament cells with RES and isonicotinamide stimulated osteoblastic differentiation in a
concentration-dependent manner and increased the expression of mMRNAs encoding for
alkaline phosphatase, osteopontin, osteocalcin, osterix and Runx2, as well as induced
calcium deposition. In the same cell line, treatment with the SIRT1 inhibitor, sirtinol (a
SIRT1 inhibitor), nicotinamide or RNA interference-induced gene silencing suppressed bone
mineralization and further reduced the expression of osteoblast marker mMRNAs [85].

Mechanistically, RES treatments increased adenosine monophosphate kinase (AMPK)
activity, suppressed the phosphorylation of Akt, Smad 1/5/8 and c-Jun N-terminal kinase,
and the activation of NF-xp [85]. Tseng et al., [83] further demonstrated that RES exerts its
effects on human MSCs primarily through regulation of the SIRT1/FOX03A and estrogen
signaling pathways. This group showed that RES activated SIRT1 in MSCs, which then
increased FOXO03A-dependent transcriptional activity, and Runx2 gene transcription,
demonstrating that SIRT1 activation increases Runx2 [83]. In 2012, Shakibaei et al., [84]
reported that nicotinamide induced Runx2 acetylation in MSCs was reversed after
pretreatment with RES, suggesting that RES-activated SIRT1, which in turn deacetylated
and activated Runx2. Knockdown of the SIRT1 protein in MSCs inhibited the effects of
RES, demonstrating the involvement of SIRT1 [84]. This group also used
immunoprecipitation and western blotting to demonstrate a functional and physical
interaction between Runx2 and SIRT1, suggesting that SIRT1 directly deacetylates Runx2
[73]. Another /n vitro study reported that hydrogen peroxide (H,05)-induced apoptosis in
mouse osteoblast MC3T3-E1 cells and this treatment inhibited SIRT1 and Bcl-2 expression;
but increased p53 acetylation, and Bax and caspase 9 activities [86]. Treatment of the
MC3T3-E1 cells with RES reversed the FI1202-induced apoptosis, p53 acetylation and
caspase 9 activation [86]. Thus, RES reduced H,0,-induced apoptosis in osteoblasts through
its effects as a SIRT1 activator [86]. More recently, in a study by Zhao et al., [87]. RES
treatment of mice increased osteoblast activity and bone mineralization, as well as alkaline
phosphatase (ALP) and eNOS levels. Moreover, RES activated SIRT1 which in turn
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stimulated BMP2 release via eNOS [87]. Knockdown studies in mice further demonstrated
that SIRT1 deletion reduced ALP, BMP2 and eNOS [87]. In hFOB human osteoblasts, RES
reversed serum starvation-induced apoptosis and increased both HDAC1 and SIRT1 mRNA
expression [88-89]. In addition, in osterix/sp7-mCherry medaka, RES treatment increased
osx/sp7/Runx2 expression and osteoblastogenesis [89].

One of the most interesting epigenetic effects of RES is its activation of SIRT1, which is an
NAD+-dependent deacetylase [90; Figures 4 & 5]. Treatment of cells with RES, activated
the mitochondrial complex | in the electron transport chain which causes excessive
production of NAD+, increases ATP formation and increases the NAD+/NADH ratio leading
to the modification of chromatin-associating proteins and the activation of SIRT1 [91]. The
biological activities of SIRT1/3 in bone have been reviewed, and shown to be associated
with a wide range of biological effectors that regulate numerous proteins and factors
including the peroxisome proliferator-activated receptor-gamma coactivator-lalpha
(PGC-1a), Forkhead box and bone morphogenic proteins [90]. Resveratrol’s effects on
PGC-1a, a transcription coactivator protein known to interact with a wide variety of
transcription factors involved in biological responses such as thermogenesis, mitochondrial
biogenesis, and muscle and bone formation, suggest that RES also increases mitochondrial
biogenesis [92]. Studies have further shown that RES upregulates mitochondrial biogenesis
by the activation of SIRT1-induced PGC-1a [92]. Also interesting is the fact that RES may
also reduce the level of SIRTS, especially if used for prolonged periods of time, or at high
doses, suggesting that there is a negative feedback system could regulate the excessive
sirtuin activity [91-92].

In serum-starved cultured human hFOB osteoblasts, the expression of SIRT1/3 and PGC-1a
MRNA was reduced and the cells entered apoptosis [93]. Flowever, treatment with RES
rescued hFOB cells from apoptosis and significantly increased the expression of PGC-1a.,
and SIRT1/3 mRNAs suggesting that RES stimulated mitochondrial biogenesis in human
hFOB osteoblasts and reversed apoptosis [93]. In 2019, Wang et al., demonstrated that RES
treatments of MSCs increased SIRT1 binding with the Polycomb complex protein BMI-1
(BMI-1) and reduced BMI-1 acetylation in a dose-dependent manner [94]. RES also
inhibited MSC apoptosis and promoted their differentiation into osteoblasts, all of which
was associated with SIRT1 upregulation and nuclear translocation of BMI-1 [94].

6.2.2 Sulforaphane—Sulforaphane (SFN; Figure 6) is an organosulfur compound
biosynthesized in food plants from its precursor glucoraphanin by the action of the enzyme
myrosinase, that is activated after damage or cutting the plant [95-96]. Glucoraphanin is
present in high concentrations in cruciferous vegetables such as broccoli and cabbages, and
very high concentrations in the sprouts of cauliflower and broccoli [96]. SFN has been
extensively investigated for its antimicrobial and anticarcinogenic activities, and is reported
to be of potential therapeutic benefit for type 1 and 2 diabetes, osteoarthritis, and rheumatoid
arthritis [98-103]. SFN was also reported to protect cartilage from damage, reduce synovial
hyperplasia, reduce matrix-degrading proteases, as well as RANKL-dependent
differentiation of osteoclasts by suppressing NF-xp, and activating the nuclear factor
erythroid 2-related factor 2 (NRF2) transcription factor [104-107]. In bone, SFN mimics
dimethyl sulfoxide (DMSO), as DMSO is known to cause phenotypic changes and
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differentiation of osteoblasts by acting on the epigenome [108]. In 2012, Thaler et al., [108]
reported that DNA-demethylation was important in osteoblasts for modulating gene
expression and cellular differentiation. In 2016, this group further showed that SNF
triggered osteoblast differentiation by increasing DNA-demethylation [109]. In addition, due
to the molecular similarities of SFN with DMSO, SFN was shown to improve bone by
acting through an epigenetic mechanism that stimulates ten-eleven translocation 1 (Tet1)/
Tet2-dependent hydroxy-methylation of DNA to reactivate gene expression [109]. In this
study, SFN increased DNA demethylation by way of Tetl and Tet2 and increased pre-
osteoclast differentiation by increasing mineralization of the extracellular matrix, as well as
the expression of genes and transcription factors-Rynx2, Collal, Bglap2, Sp7, Atf4and
Alpl. In osteocytes and mouse calvarial explants, SFN decreased RANKL expression and, in
preosteoclasts, SFN induced apoptosis by up-regulation of the Tet1/Fas/Caspase 8 and
Caspase 3/7 pathway [109]. This study further demonstrated that treatment of sham-operated
mice with SFN for five weeks significantly increased metaphyseal cancellous bone volume
and trabecular number in proximal tibias, however trabecular thickness was not increased.
Furthermore, treatment of these animals with SFN did not appear to impact cortical
thickness [109]. Thus, the increased bone volume/trabecular volume levels observed in SFN
treated mice were due changes in trabecular number and not due to a thickening of the
trabeculae by enhanced bone apposition [109]. However, SFN treatment of OV X mice
reduced bone loss due to estrogen-deficiency as observed by a reduction in the OVX-
dependent decrease of trabecular number. These effects of SFN were correlated with an
increase in bone volume (~20%) and a higher trabecular number in both normal and OV X
mice. The results of this study suggested that SFN induced epigenetic alterations that
stimulated osteoblastogenesis and reduced bone resorption, thereby shifting the balance in
favor of bone formation [109].

Other researchers have shown that SFN also stimulates osteoclast apoptosis by
downregulating the expression of RANKL in osteocytes, thereby increasing the
antiresorptive effects. In a 2014 study [110], activation of transcription factor NRF2 by SFN
promoted the expression of two key antioxidant genes NAD(P)H dehydrogenase quinone 1
and peroxiredoxin-1, stimulating a sustained antioxidant response in osteoclast progenitors.
Down-regulation of intracellular reactive oxygen species (ROS) levels reduced ROS-
dependent RANKL expression in pre-osteoclasts thereby inhibiting osteoclast differentiation
[110]. Thus, SFN is a dietary compound that alters DNA methylation patterns, thereby
increasing osteoblastogenesis and reducing osteoclastogenesis contributing to its effects on
bone formation [110]. However, unlike resveratrol, there are no clinical trials for
sulforaphane, thus it is difficult to predict if this compound will be effective in humans. The
effects of SFN on other epigenetic mechanisms such as ncRNA or HDAC/SIRT involvement
have not been reported.

6.2.3 Ferulic acid—Ferulic acid (FA; also known as hydroxycinnamic acid; Figure 7) is
a ubiquitous phenolic compound found in the cell walls of plants such as corn, rice, flax and
oats, and has antioxidant activities [111-112]. FA is also an active ingredient of Chinese
herbal medicines including the plant Angelica sinensis, and has been used as a traditional
medicine for bone loss [111]. Published investigations demonstrate that FA inhibits
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osteoclast formation, as well as stimulates osteoblast differentiation and function, leading to
enhanced bone formation both in vitro and in vivo [112-117]. In 2003, Sagar et al.,
published the only in vivo study of FA on bone health [114]. In this study, ovariectomized
(OVX) female rats were treated with FA and/or 17a-ethinyl estradiol daily for 8 weeks. The
results showed that showed that while OV X significantly reduced BMD, OV X rats treated
with estrogen or ferulic acid showed a significant increase in BMD after 8 weeks of
treatment [114]. Furthermore, treatment of RANKL-stimulated osteoclasts with FA reduced
NF-xB mRNA expression and other anti-inflammatory related genes, thereby inhibiting
osteoclast differentiation and bone resorption [114].

In a 2016 ex vivo study, Sagar et al., [113] demonstrated that treatment of human CD14+
peripheral blood monocytes with FA (ICsq 39 uM) significantly inhibited osteoclast
formation, reduced differentiation of osteoclast progenitors, and bone resorption. In terms of
mechanism of action, FA treatment inhibited RANKL-induced expression of dendritic cell-
specific transmembrane protein (DC-STAMP), an important regulator of osteoclast fusion.
In addition, the expression of matrix metalloproteinase-9 and cathepsin K, two osteoclast
specific lysosomal proteases were significantly reduced in FA treated cells [113].
Furthermore, the number of mature osteoclasts was significantly reduced at 24 and 48 hrs
after FA treatments, and an increase in apoptosis, caspase-3 activity and DNA-fragmentation
were also observed suggesting that FA induced osteoclast apoptosis [113]. These authors
concluded that FA inhibited osteoclast fusion by inhibiting DC-STAMP expression and
induced apoptosis in mature osteoclasts via caspase-3 [113].

In 2015, Seo et al., demonstrated that FA reduced NF-x activation, as well as reduced the
expression of iNOS, TNF-a and I1L-6 in LPS-activated RAW 264.7 cells, thereby supporting
the anti-inflammatory effects of FA [115]. In 2018, Doss et al., also reported on the effects
of FA in cultured RAW 264.7 monocyte/macrophage cells [116]. In this study, RAW 264.7
cells were treated with increasing concentrations of FA with or without RANKL/M-CSF
stimulation. The results demonstrated that FA treatment significantly attenuated RANKL-
induced osteoclast differentiation as determined by SEM and TRAP staining analysis and
reduced the bone resorption. In addition, FA treatments reduced RANKL-activated NF-xf
and the expression of NFATc1, c-Fos, TRAP, Cathepsin K and MMP-9, indicating that FA
inhibits the RANKL/NF-xp signaling pathway, thereby reducing osteoclast differentiation
and the bone resorption activity of osteoclasts [116].

In 2018, Du et al., [117] investigated the epigenetic effects of FA in human bone marrow
derived MSCs. In this study, FA treatment of MSCs up-regulated the expression of -
catenin, a transcription signaling pathway that is essential for MSC differentiation. These
researchers demonstrated treatment of MSCs with FA upregulated HIF-1a, which in turn
reduced the expression of miR-340-5p. This group further demonstrated that the Wnt/p-
catenin signaling pathway was involved, as FA upregulated p-catenin, which was associated
with the hypoxia-inducing effects of FA via miR-340-5p, which has HRE motifs in its
promoter regions. FA repressed miR-340-5p expression through HIF-1a, which also shown
to be an endogenous suppressor of p-catenin [117]. These investigators further demonstrated
that the effects of FA were dependent on the inhibition of miR-340-5p for MSC
differentiation. Induction of p-catenin signaling by FA was attenuated by miR-340-5p
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overexpression. In addition, this study also demonstrated that FA suppressed miR-340-5p via
FI IF-1a, indicating that FA enhances the osteogenic potential of MSCs via epigenetic
regulation of this miRNA [117; Fig. 7]. These data suggest that FA increases bone formation
via an epigenetic mechanism that involves at least miR-340-5p. While FA shows potential
for improving bone remodeling through alterations of miRNA, to date, these data have only
been reported in vitro, and there is only one animal study suggesting that FA may reduce
bone resorption. No clinical trials or studies in human osteoblasts/osteoclasts have been
published to date. The effects of FA on other epigenetic mechanisms such as DNA
methylation or HDAC/SIRT involvement have not been reported.

6.2.4 Syringic acid—Syringic acid (SA; Figure 8; IUPAC name: 4-hydroxy-3,5-
dimethoxybenzoic acid) is another naturally occurring phenolic compound that is present in
several edible plants including the fruit of the acai palm Euterpe oleracea, and the mycelium
of the shiitake mushroom Lentinula edodes [118-119]. Previous studies have shown that SA
has does not bind to the estrogen receptor but has antioxidant, radical scavenging and anti-
inflammatory activities [120-123]. The effects of SA on bone metabolism and bone
resorption have also been reported both in vitro and in vivo [124-126]. Treatment of
cultured mouse osteoblasts with Drynariae rhizoma extracts (containing SA) increased their
proliferation and differentiation [124].

In 2017, Tanaka et al. [125] investigated the effects of a diet containing SA on bone
resorption and uterine wet weight in OV X mice fed with a diet containing 100 mg/kg SA for
10 weeks. The results of this study showed that treatment with SA had no effect on body
weight, food intake, or uterine wet weight. However, bone mineral density, including cortical
bone density, cancellous bone density, and total bone density were higher in the SA-treated
mouse group as compared with the OV X-control mice. Histomorphometric analysis showed
that SA treatments reduced the number of osteoclasts, but increased the number of
osteoblasts, suggesting improved bone remodeling [125]. In bone marrow, SA treatments
suppressed osteoclast differentiation, improved the markers of bone resorption, and the
number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts, as well as
improved urinary DPD, and TRAP activity in OVX mice. An increase in the activity of bone
alkaline phosphatase, a marker of bone formation, in the OVX mice was noted, suggesting
that treatment with SA impacted both osteoblasts (bone formation) and osteoclasts (bone
resorption) without having estrogenic effects on the uterus in OV X mice [125].

In 2018, Arumugam et al., [126] investigated the epigenetic and molecular mechanisms by
which SA exerts its effects on osteoblast differentiation in mouse mesenchymal stem cells
(M-MSCs). At the cellular level, SA treatment of M-MSCs stimulated osteoblast
differentiation, and increased alkaline phosphatase activity, as well as the accumulation of
calcium deposits. At the molecular level, SA treatments promoted osteoblast differentiation
by enhancing Runx2 expression and other marker genes including alkaline phosphatase, type
I collagen, and osteocalcin. In terms of the epigenome, SA increased the expression of
miR-21 and decreased one of its target genes, Smad7 [126]. Smad7 is known to be an
antagonist of TGF-B/Smad signaling and negatively regulates Runx2. This study concluded
that SA-stimulated the TGF-B/BMP signaling pathway in mouse MSCs, increased
expression of miR-21 and decreased Smad7 expression leading to an increased expression of
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Runx2, which enhanced osteoblast differentiation [126]. Overall, these data suggest that SA
may increase bone formation by increasing osteoblastogenesis through an epigenetic
mechanism that involves at least miRNA-21 [126].

Similar to FA, while SA shows potential for improving bone remodeling by altering miR-21/
Smad7, these data are in vitro, and there is only one animal study suggesting that SA
reduces bone resorption in OVX mice [125]. No clinical trials or studies in human
osteoblasts/osteoclasts have been published to date, so it is difficult to assess whether these
data may be extrapolated to humans. Also similar to FA, effects of SA on other epigenetic
mechanisms such as DNA methylation or HDAC/SIRTSs have not been reported.

6.2.5 Anthocyanins—Anthocyanins/anthocyanidins are a group of water-soluble
pigments present in fruits and vegetables, and are responsible for the vivid red, violet, blue,
and purple colors of blueberries, vegetables, grapes and red wine [127-132]. Chemically,
anthocyanins (ACNs) are derivatives of 2-phenylbenzopyrylium (flavylium cation, Figure 9),
that consists of an aglycone (anthocyanidin), sugar(s), and in some minor cases acyl
group(s) [132-133]. The anthocyanins and anthocyanidins (aglycones) consist of more than
500 compounds, of which the most common anthocyanins in the diet include those
compounds having the aglycone moieties cyanidin (32%) followed by malvidin (22%),
pelargonidin (19%), delphinidin (12%), petunidin (9%), and peonidin (6%) [132-133,135].
Anthocyanins commonly occur as 3-monosides, 3-biosides and 3-triosides, as well as 3,5-
diglycosides and more rarely 3,7-diglycosides and are associated with the sugars: glucose <
rhamnose < galactose <xylose < arabinose [132, 135]. Interestingly, anthocyanins are the
most heavily consumed class of flavonoids in the diet, and in the United States, the
estimated human daily intake ranges from 12 to 21 mg/day, however this amount has
significantly declined since 1976, when it was ~180 mg/day [133-135].

In 2012, an observational clinical study demonstrated an association between the habitual
intake of flavonoids and bone mineral density (BMD) in a large (n = 3160) cohort of female
twins in the UK [136]. In this study, the frequency of the ingestion of flavonoids, (including
subclasses flavanones, anthocyanins, flavan-3-ols, polymers, flavonols, and flavones) were
assessed and determined by semi-quantitative food frequency questionnaires and bone
mineral density was also assessed [136]. The median intake of total flavonoids was 1.1 g/d,
of which, the median anthocyanin intake was estimated at 13.7 mg/d, and the median
flavanone intake was ~21.2 mg/day. The results of this study demonstrated that higher total
intakes of flavonoids were positively associated with higher BMD in the spine. Higher
anthocyanin intake resulted in the best effect, with a 0.034 and 0.029 g/cm? increase in
BMD at the spine and hip, respectively, showing an increase of 23.8% for the spine and
22.7% for hip-bone mineral density in these patients. Post-menopausal women with high
anthocyanin intake also had significant improvements in BMD in the spine. The study
concluded that higher intake of anthocyanins increased BMD at the spine and hip, and this
effect was better in postmenopausal women [136].

Animal studies also indicate that high anthocyanin-containing fruits, such as plums, have a
significant impact on bone health [137-143]. In 2001 Arjmandi et a/., demonstrated that
administration of dried plums containing high concentrations of anthocyanins to

Pharmacol Res. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raut et al.

Page 17

ovariectomized (OVX) rats reduced bone resorption, increased bone formation, and
prevented bone loss [137]. In other studies, administration of dried plums to an osteopenic
rat model of osteoporosis reduced bone loss, and in a male rat model of osteoporosis,
administration of dried plums also prevented bone loss [138-139]. Devareddy et al., showed
that administration of a blueberry-rich diet (high in anthocyanins/anthocyanidins) prevented
BMD loss in a rat model of osteoporosis [140]. In 2010 Chen et al., [141] reported that a
blueberry-rich diet increased bone formation in young rats, and further demonstrated that the
serum from the blueberry-fed young rats increased osteoblast differentiation and reduce
osteoclastogenesis in vitro [141]. In a 2011 study by Zhang et a/., young rats fed a diet of
blueberries showed a significantly reduction in OVX-induced bone loss [142]. Furthermore,
when pre-osteoblasts were treated with serum isolated from blueberry-fed young rats there
was an increase in osteoblast development and differentiation [142]. In a study by Kaume et
al., treatment of OV X rats with a diet containing 5% freeze-dried blackberries also reduced
bone resorption [143]. While all of the above studies used fruit extracts, all of these fruits,
dried plums, blueberries and blackberries contain very high concentrations of anthocyanins/
anthocyanidins [144].

In 2014, Moriwaki et al. reported that oral administration of the anthocyanin, delphinidin,
reduced bone resorption in an OV X mouse model by the suppression of osteoclast formation
[145]. They further reported that delphinidin treatment significantly inhibited the
differentiation of cultured RAW264.7 cells into osteoclasts by suppressing the activity of
NF-xB, c-fos, and Nfatcl, important transcription factors for osteoclastogenesis [145].

In 2018, Raut et al., [146-147] investigated the effects of common anthocyanins and a
blackcurrant (Ribes nigrum) extract (BCE) on osteoblastogenesis in human hFOB 1.19
osteoblasts and in transgenic osterix/sp7:mCherry medaka. The BCE contained four major
anthocyanins: delphinidin-3-O-glucoside (D3G; Figure 9), delphinidin-3-O-rutinoside,
cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside. Both BCE and delphinidin-3-glucose
increased hFOB osteoblast proliferation; rescued osteoblasts from serum-starvation-induced
apoptosis by increasing Bcl-2 expression and reducing Bax mRNA expression. These
compounds also altered HDAC1, HDAC3 expression, as well as increased SIRT1/3 and
PGC-1a mRNA expression in apoptotic osteoblasts [146-147]. In osterix/Sp7-mCherry
medaka, BCE and D3G treatments increased osteoblast proliferation by increasing osterix/
Sp7IRunx2 expression [146-147, Fig. 5]. These data suggest that both BCE and D3G
increased osteoblast proliferation and differentiation through epigenetic regulation of
HDACSs and by increasing mitochondrial biogenesis. In triple transgenic RANKL medaka,
D3G reduced RANKL expression and improved bone mineral density [148-149]. In a
similar study of Acai (Euterpe oleracead) fruit extract (AFE) and anthocyanidins, AFE and
cyanidin-3-glucoside (C3G; Figure 9) increased osteoblast proliferation and reduced
apoptosis in hFOB 1.19 osteoblasts induced by both serum and glucose starvation [150,
151]. Gene expression data showed that C3G altered HDAC1 expression, increased BCL-2,
as well as reduced BAX mRNA expression and caspase 3/7 activity. AFE increased the
proliferation of osteoblasts in double transgenic osx/Sp7-mCherry medaka by enhancing the
expression of 0sx/Sp7[150-151].
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Both C3G and D3G also significantly upregulated the expression of peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC-1a) mRNA in hFOB 1.19 osteoblasts
[150-151]. PGC-1a has been shown regulate mitochondrial biogenesis, thus, these data
suggest that anthocyanins may also enhance mitochondrial biogenesis in osteoblasts. The
mitochondria generate energy for cells in the form of adenosine triphosphates (ATP), and are
very sensitive to oxidative stress [152-153]. Numerous studies suggest that epigenetics also
play a critical role in mitochondrial metabolism and functional integrity [153]. Interestingly,
both osteoblasts and osteoclasts have high energy demands, are rich in mitochondria and, are
prone to mitochondrial dysfunction due to their high susceptibility for reactive oxygen
species [153]. Therefore, it is not surprising that bone disorders may be induced by
mitochondrial dysfunction [154-157]. Thus, the research and development of dietary or
other compounds would reverse this dysfunction, by altering the epigenome would be
clinically significant.

7.0 Discussion

Bone remodeling is a tightly orchestrated and dynamic process involving the removal of old
bone by osteoclasts and the formation of new bone by osteoblasts, and is critical for the
maintenance of bone strength and integrity. Bone modeling and remodeling requires
controlled regulation of the expression of specific genes in osteoblasts, osteoclasts and
osteocytes. Research over the past ten years has shown that the process of bone remodeling
is also regulated by epigenetic mechanisms, including DNA methylation, histone
modification and non-coding RNAs. Furthermore, data suggest that dysregulation of the
epigenetic functions in bone cells impacts both the function and differentiation of osteoblasts
and osteoclasts, thereby contributing to pathogenic bone disorders, including osteoporosis
and osteopetrosis.

7.1 Limitations of the research

Evidence from observational and experimental studies, as well as clinical trials have
demonstrated a positive link between naturally occurring compounds and improved indices
of bone health. Data from in vitro and in vivo studies have shown that the natural occurring
compounds resveratrol, sulforaphane, ferulic and syringic acids and anthocyanins increase
bone mineralization by increasing osteoblast function and differentiation, as well as reduce
osteoclastogenesis, thereby recoupling bone remodeling through alterations of the bone
epigenome. While these data are compelling, there are some limitations to this research that
should be considered. First, with the exception of resveratrol and dietary anthocyanins,
evidence from human studies and clinical trials are lacking for many compounds, making it
difficult to extrapolate the existing data from in vitro and in vivo studies to bone remodeling
in humans. In addition, for some phenolic compounds such as ferulic acid, much of the
published data is in vitro only, and there are few animal studies published to confirm these in
vitro results. Furthermore, the effects of these natural compounds on human osteoblasts or
osteoclasts has not generally been investigated, and many studies have used only mouse
osteoblasts/osteoclasts. While mouse osteoblasts are an acceptable model, it would be
beneficial to at least demonstrate that the activity of natural compounds and their epigenetic
mechanisms are similar in human cell lines. Obviously, the generation of data from clinical
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trials is an important future goal for the testing of these compounds. However, it is well
recognized that clinical trials are extremely expensive and require a sufficient body of
preclinical data to justify these costs and obtain the necessary funding to perform such
studies.

Secondly, research of the epigenetic mechanisms involved in the actions of natural
compounds on bone remodeling is still in its infancy. Novel technologies such as genome-
wide sequencing and single cell ChlP analyses and RNA sequencing should be employed,
and could propel this research forward to obtain epigenetic and transcriptional profiles of
bone cells treated with these compounds. These methodologies would allow for the
identification of specific single-cell variability and bone cell epigenetic mechanisms induced
by natural and dietary compounds. Furthermore, the impact of natural compounds on
emerging epigenetic mechanisms, including the alteration nucleosome organization by
methylation/acetylation of the N-terminal of histone 3 lysine 27 (H3K27) have not yet been
investigated. Considering the importance of these specific mechanisms for osteoblast
differentiation and skeletal development, studies of H3K27 should be a focus for the future.

The third limitation of the research involves the immense complexity of bone remodeling
and diseases of bone remodeling that are characterized by differences in severity and phases,
as well as understanding the impact of other dietary, environmental and genetic influences.
Most of the animal and human studies to date have not adequately taken these other factors
into consideration. Future studies should be diligent in assessing some of these potentially
confounding factors and their impact on study outcomes.

7.2 Limitations of this study

While this review is the first to our knowledge to be published on this theme, it however,
presents certain limitations. First, although we searched for appropriate manuscripts in
various databases, some relevant databases were not included (e.g. EMBASE) due to
logistical constraints. However, we performed an intensive manual search of other relevant
abstracts and articles and we do not believe that many papers were inadvertently overlooked.
Where abstracts were obtained from presentations, we obtained copies of the presentations
to evaluated methods and data analyses. It is possible that international abstracts and
manuscripts, not abstracted in databases may have also been overlooked, however we do not
believe that this altered the quality of the review.

7.3 Future outlook and potential clinical impact

Some of the most compelling observations from the published literature describe the impact
of natural compounds on the re-coupling of bone remodeling. This is clinically significant in
that current prescription drugs for osteoporosis and other bone diseases are usually only
effective as bone anabolic or anti-resorption agents, and do not re-couple bone remodeling.
Current evidence suggests that at least resveratrol and anthocyanins increase osteoblast
differentiation, as well as reduce osteoclast differentiation and function to re-couple bone
remodeling through alterations in the bone epigenome. Since these compounds have already
been tested in clinic, further human studies should be undertaken to determine appropriate
doses, length of treatment and long-term impact of these compounds alone or in
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combination on bone health. Furthermore, the published clinical data suggest that the
anthocyanins maybe of value for reducing postmenopausal bone loss, and in vitro and in
vivo data suggest that these compounds may re-couple bone remodeling. There are over 500
known anthocyanins/anthocyanidins compounds that could potentially be tested for the
development of preventative treatments for osteoporosis and other diseases in which bone
remodeling is uncoupled.

8.0 Conclusions

The mechanisms by which naturally occurring compounds impact bone remodeling are
complex, however compelling data suggest that these compounds alter the bone epigenome
through changes in DNA methylation, miRNAs and alterations in HDAC/SIRTS expression
and function. Further work is needed as the current studies offer little insight on how
epigenetic remodeling of bone-specific chromatin maintains bone mass in vivo.
Understanding how natural compounds impact the bone epigenome is critical for the future
development of novel therapeutic agents to prevent and treat bone loss. Finally, preliminary
data also suggest that specific natural compounds may increase mitochondrial biogenesis
and thereby reduce osteoblast apoptosis associated with aging and specific bone disorders.
Considering the critical role of the mitochondria in aging and chronic diseases, investigating
the effects of natural compounds on mitochondrial function and associated epigenetic
alterations is another important focus for future research.
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Figure 1.
Heritable, endogenous and exogenous factors affecting bone modeling/remodeling in

vertebrates.
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Figure 2.
A simplified schematic diagram depicting an overview of histone-modifying enzymes,

focusing primarily on histone deacetylases (HDACs), histone acetyltransferases (HATS),
histone methy| transferases (HTMs), and histone demethylases (HDMSs) and their enzymatic
effects on chromatin structure. Sirtuins are a subclass of HDACs (class I11) and are a NAD+-

dependent deacetylases.
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Figure 3.
A schematic diagram of osteoblast and osteoclast differentiation from mesenchymal stem

cells (MSCs) and hematopoietic stem cells (HSCs), outlining some of the miRNAs involved
in these processes and their effects on important transcription factors and genes involved.
The arrows represent activation or active processes, the dashed lines represent indirect
inactivation and the solid black lines represent direct inactivation.
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Resveratrol impacts bone remodeling by increasing SIRT1 and ATP production in
osteoblasts. Treatment of osteoblast with resveratrol, activates mitochondrial complex I in
the electron transport chain, increasing production of NAD+ and ATP formation, leading to
an alteration in the NAD+/NADH ratio and thereby activating SIRT1 and increasing
osteoblast differentiation and function.

Pharmacol Res. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Raut et al. Page 35

Resveratrol
Anthocyanins

Cathepsin K

Runx/osx/
sp7/

ml

'/‘ Increased /\I
‘>~ Osteoblastogenesis \/

Figure 5.

Schematic diagram of the effects of resveratrol and anthocyanins/anthocyanidins
(delphinidin and delphinidin-3-glucoside) on SIRT1 activation and increased
osteoblastogenesis. These compounds also reduced osteoclastogenesis by reducing the
expression of RANKL, NF-xp and cathepsin K.
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Figure 6.

Sulforaphane increases bone formation and reduces bone resorption by promoting osteoblast
differentiation via epigenetic alterations in DNA methylation and alterations of gene
expression. Sulforaphane also induced pre-osteoclast apoptosis.
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Figure 7.

A flow chart of the effects of ferulic acid on mesenchymal stem cells (MSCs) and their
differentiation into osteoblasts. Treatment of MSCs with ferulic acid activated HIF1a and
down-regulated miR-340-5p expression. This increased p-catenin Whnt signaling resulting in

HIF1la

Osteoblast

differentiation ALP

>

an increased expression of Runx2 and osterix/sp7, two critical factors in osteoblast

differentiation. These events lead to increased expression of alkaline phosphatase (ALP) in
differentiated osteoblast.
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A flow chart of the effects of syringic acid on mesenchymal stem cells (MSCs) and their
differentiation into osteoblasts. Treatment of MSCs with syringic acid upregulates miR-21
expression, and reduces Smad7 expression resulting in an increased expression of Runx2, a
critical factor in osteoblast differentiation. These events lead to increased expression of the
genes ALP, Col-1, and OC in differentiated osteoblast. ALP = alkaline phosphatase; Col-1 =
type 1 collagen 1; OC = osteocalcin
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Increased
expression of
osterix/sp7 in

transgenic

medaka

Anthocyanins from fruit extracts increase osteoblastogenesis and reduce osteoblast apoptosis
in hFOB human osteoblasts and transgenic medaka by epigenetic regulation of SIRT1/3 and

PGC-1a. In osterix/sp7:mCherry transgenic medaka treatment increased osteoblast
differentiation and proliferation as well as the expression of osterix/sp7 and Runx2.
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