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Abstract

Mitochondria are the main cell organelles responsible for adenosine triphosphate production through cellular respiration. They
also have roles in regulating other cellular processes, including reactive oxygen species, apoptosis, and others. The function
and number of mitochondria are important for the maintenance of bone homeostasis. In recent years, the regulation of bone
homeostasis by mitochondria has attracted particular interest. In addition, some natural compounds have been demonstrated
to modulate mitochondria functions, such as resveratrol, quercetin, and curcumin, efc. Here, we review the recent discoveries
concerning mitochondrial oxidative phosphorylation and bone formation, as well as the effects of some natural compounds
(resveratrol, quercetin, and curcumin) on oxidative phosphorylation, and discuss their therapeutic implications in treating

bone disorders.

Introduction

Mitochondria are the main cell organelles that convert nutrients
into adenosine triphosphate (ATP) by cellular respiration.! Previ-
ous studies have demonstrated that cellular ATP level is involved
in cell growth, apoptosis, necrosis, etc.>* There are four stages of
cellular respiration, including glycolysis, pyruvate oxidation, citric
acid cycle, and oxidative phosphorylation. Oxidative phosphoryla-
tion is the most efficient stage for ATP synthesis. The defects of the
mitochondrial respiratory chain have been proven to be involved
in many diseases, such as tumors, cardiomyopathy, Fanconi’s syn-
drome, seizures, ophthalmoplegia, etc.>"!

Bone is a tissue that mechanically supports the body, protects
vital organs, and impacts endocrine regulation. Currently, four
types of cells have been identified in bone, osteoblasts, osteocytes,
bone lining cells, and osteoclasts.!? Osteoblasts and osteocytes
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are derived from stem cells known as mesenchymal stem cells
(MSCs).13-15 The function and number of mitochondria are im-
portant factors in the maintenance of bone cells, including osteo-
blasts and osteoclasts,'®-'8 as both bone formation and resorption
depend strongly on energy expenditure.!” An imbalance between
bone formation mediated by osteoblasts and bone resorption medi-
ated by osteoclasts has been shown to directly contribute to the
onset of many bone diseases such as osteoporosis, osteolysis, ar-
thritis, etc.2%*! Mutations of mitochondrial DNA (mtDNA) that
accumulate with age may play a significant role in bone homeo-
stasis.?? Accumulating mutations of mtDNA ultimately lead to mi-
tochondrial and cellular dysfunction.?? A recent case-control study
showed that m.3243A>G@, a mitochondrial point mutation, was as-
sociated with decreased bone mineral density and bone strength.?*
In aged mice, osteoclasts had reduced levels of ATP and mtDNA
with increased bone-resorbing activity.?S Osteoclast-specific de-
letion of mitochondrial transcription factor A, which regulates
mtDNA copy number, leads to ATP depletion and increased bone
resorption.?s Mitochondrial dysfunction induced by mtDNA poly-
merase gamma deletion has been reported to impair osteogenesis,
increase osteoclast activity, and accelerate age-related bone loss.?
Superoxide dismutase 2 deletion in osteocytes increases reactive
oxygen species (ROS) production and bone loss in an age-depend-
ent manner.?’

In this review, we discuss recent discoveries concerning mito-
chondrial oxidative phosphorylation and bone formation, as well
as the effects of some natural compounds (including resveratrol,
quercetin, and curcumin) on oxidative phosphorylation, and
whether optimizing mitochondria function could improve bone
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quality or even reverse bone disorders.

Oxidative phosphorylation and bone formation

Oxidative phosphorylation is defined as the process by which
electrons from reduced nicotinamide adenine dinucleotide and re-
duced flavine adenine dinucleotide are transferred to O, molecules
through a series of electron carrier/protein complexes to generate
ATP. It provides most of the ATP for the cell’s energy needs. De-
fects in this process are a frequent cause of mitochondrial energy
metabolism disturbance, which occurs with a prevalence of at least
1 in 7600.%% Up to now, accumulating evidence has indicated that
oxidative phosphorylation is involved in the regulation of cell
fate decisions.??=3! In vitro studies have indicated that oxidative
phosphorylation plays a crucial role in osteogenesis. Upon osteo-
genic induction, energy metabolism can shift from glycolysis to
mitochondrial oxidative phosphorylation with the increase of res-
piratory enzymes, copy number of mitochondrial DNA, oxygen
consumption rate, and intracellular ATP content.’? Other studies
have also demonstrated that oxidative phosphorylation is increased
during the osteogenesis of MSCs, while glycolysis is preferred in
undifferentiated stem cells.’33* The increased B-catenin acetyla-
tion and activity might be one of the important underlying mecha-
nisms that account for the effect of oxidative phosphorylation on
the osteogenesis of MSCs.* Bone morphogenetic protein 2) has a
critical role in regulating bone formation, a recent study reported
that bone morphogenetic protein 2 triggered rapid metabolic adap-
tation in MSCs, which is characterized by the successive activation
of glycolysis and oxidative phosphorylation.®

Nicotinamide adenine dinucleotide (NAD™) is an obligatory
substrate for the reaction of glycolysis and oxidative phospho-
rylation. Its intracellular level and NAD"/nicotinamide adenine
dinucleotide ratio are essential for mitochondrial function, which
links cellular metabolism to changes in transcriptional events and
signaling pathways.3” Nicotinamide mononucleotide (NMN), a
key natural NAD™ intermediate, has been found to promote os-
teogenesis and reduce adipogenesis of MSCs, as well as stimu-
late osteogenesis of endogenous MSCs, and protect bone from
aging and irradiation-induced damage in mice.’® A recent study by
Boer Li et al. reported that osteogenesis-committed MSCs have
increased oxidative phosphorylation activity and elevated NAD+
levels. Suppression of NAD™ impairs mitochondrial fusion, lead-
ing to mitochondria dysfunction and reduced activity of oxidative
phosphorylation, which subsequently blocks osteogenesis and
bone fracture healing.?’

As we know, aging is associated with mitochondria dysfunc-
tion, as well as decreased bone mass and accumulated marrow fat.
It is reported that, during aging, the content of NAD* and ATP
has a progressive, age-dependent decline.*’ Up to now, mitochon-
drial metabolic failure has been considered an important hallmark
of aging.*'*> Mills et al. conducted a 12-month administration of
NMN, demonstrating that NMN effectively mitigates age-associ-
ated physiological decline in mice, including increasing energy
metabolism, bone density, etc.** NMN supplementation could
also attenuate senescent cell induction in growth plates, partially
prevent osteoporosis, and accelerate bone healing in osteoporotic
mice.** In addition, upregulation of oxidative phosphorylation ac-
tivity and ATP production by mitochondria transfer could enhance
the osteogenesis of MSCs and accelerate bone defect healing af-
ter transplantation of mitochondria-recipient MSCs in situ.*> On
the other hand, a recent study by Suh et al. found that changes in
mitochondrial morphology had a more significant impact on os-
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teogenic activity than moderate alterations in mitochondrial ATP
production, as enhancing mitochondrial fission by overexpression
of Fisl accelerates osteogenesis but results in mild but significant
decreases of ATP production.*® Hence, it would be safe to assume
that improvement of mitochondrial metabolism would enhance the
osteogenesis of MSCs and bone formation, as well as hinder the
progression of osteoporosis, especially senile osteoporosis.

Reactive oxygen species (ROS)

ROS are mainly formed as byproducts of oxidative phosphoryla-
tion in aerobic organisms. The ROS that have been found in liv-
ing organisms include superoxide anions, hydroxyl radicals, nitric
oxide, etc. The evidence so far has suggested that ROS serve as
a double-edged sword for the cells. On one hand, ROS at low
levels function as signaling molecules that are necessary to main-
tain cell viability, differentiation, self-renewal ability, migration,
etc.*’ Studies of Candida elegans and yeast have shown that ROS
were required for the increase of lifespan.*®4? On the other hand,
an excess of ROS is harmful as it can induce oxidative stress and
cell death.3" The levels of ROS are increased in dysfunctional mi-
tochondria and senescent cells, implicating ROS are involved in
various cellular damages.>' The osteogenic differentiation of bone
osteoblastic cells (MC3T3-E1), marrow stromal cells (M2-10B4),
and MSCs were greatly suppressed by ROS, and adipogenesis was
increased.?52-54 Many studies have shown that ROS may be in-
volved in the pathogenesis of osteoporosis.>36

Hopefully, the destructive effects of ROS can be inhibited by
antioxidant agents, such as vitamin K, glutathione, and its precur-
sor N-acetyl cysteine and other natural compounds. The cells have
intrinsic mechanisms that coordinate changes in oxidative phos-
phorylation and antioxidant enzymes without generating excess
ROS. For example, during the osteogenesis of MSCs, although
ROS are produced by increased oxidative phosphorylation, they
are quickly removed by the upregulation of antioxidant enzymes,
such as manganese-dependent superoxide dismutase and cata-
lase.3* N-acetyl cysteine has beneficial effects that prevent osteo-
porosis by reducing stimuli of the loss of bone mass, osteoblast
apoptosis, oxidative stress, and osteoclastogenesis after gonadec-
tomy.578 The effects of some natural compounds like quercetin,
resveratrol, and curcumin on oxidative phosphorylation or mito-
chondria are discussed below.

Quercetin

Quercetin is an abundant polyphenolic flavonoid and has benefi-
cial effects in many diseases. The main molecular mechanism re-
sponsible for its protective effects is the capacity to quench ROS-
induced oxidative damage. However, studies about the effect of
quercetin on mitochondrial function appear contradictory. It was
previously shown to inhibit mitochondrial ATP synthase, inhibit
oxidative phosphorylation, and decrease mitochondrial membrane
potential.*-%! However, recent studies have shown that quercetin
treatment improved mitochondrial quality and reduced oxidative
stress.®? Qiu et al. found that quercetin not only enhanced mito-
chondrial membrane potential, oxygen consumption, and ATP in
mitochondria, but also increased the mitochondrial copy number
in rat chondrocytes.%® Direct evidence from Fukaya et al. dem-
onstrates that quercetin significantly increased oxygen consump-
tion and ATP production in hepatocytes.* In addition, quercetin
protects against bone loss by stimulating bone formation and in-
hibiting bone resorption.®>-%7 The underlying mechanisms include
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Wingless-type MMTYV integration site family, bone morphogenet-
ic protein, extracellular regulated protein kinases, nuclear factor
erythroid 2-related factor 2 (Nrf2), and smad-dependent signaling
pathways, efc. Nrf2 was maintained in an inactive state in the cyto-
sol by binding to kelch-like ECH-associated protein-1, which was
inhibited by quercetin, leading to nuclear translocation of Nrf2 and
increased expression of antioxidative genes.%® Pang et al. reported
that quercetin promoted bone MSCs proliferation and osteogenic
differentiation by stimulating the bone morphogenetic protein
signaling pathway.®® However, the effect of quercetin on oxidative
phosphorylation has not been confirmed in bone-forming cells, in-
cluding osteoblasts or MSCs. It would be interesting to find out
whether quercetin protects bone by increasing oxidative phospho-
rylation or improving mitochondrial function or not.

Resveratrol

Resveratrol (3,4,5-trihydroxystilbene) is an edible polyphenolic
phytoalexin with anti-oxidant and anti-aging activity.”’ Lagouge
et al. found that resveratrol improved mitochondrial function by
inducing genes for oxidative phosphorylation, mitochondrial bio-
genesis, and an increase in the activity of peroxisome proliferator-
activated receptor-gamma coactivator (PGC)-1a.”! Under normal
conditions, PGC-1a is inactivated by acetylation by acetyltrans-
ferase, general control of nucleotide synthesis 5.7> Resveratrol
activates the NAD"-dependent histone deacetylase Sirtl. Sirtl
mediates the deacetylation of PGC-1a, leading to the stimulation
of genes involved in oxidative phosphorylation.”® The effect of
resveratrol is also related to mitofilin, a mitochondrial inner mem-
brane protein that is required for mitochondrial homeostasis and
osteogenesis of MSCs.” However, resveratrol cannot normalize
oxidative phosphorylation activity in cells with oxidative phospho-
rylation defects,” implying the effect of resveratrol on mitochon-
drial activity is dependent on the induction of genes for oxidative
phosphorylation. Moon et al. reported that resveratrol treatment (at
5 uM) promoted osteogenic differentiation of periosteum-derived
MSCs, and increased both mitochondrial mass and mtDNA copy
number, supporting the application of resveratrol for treating os-
teoporotic fractures.”® In an ovariectomized rat model of osteo-
porosis, Feng et al. demonstrated that resveratrol prevented bone
loss by upregulating FoxO1 transcription activity.”” Tresguerres et
al. found that resveratrol (10 mg/kg/day) increased bone micro-
structure and bone mechanical properties in old male rats, indicat-
ing resveratrol hindered the progression of senile osteoporosis.’®
A meta-analysis of randomized controlled trials of resveratrol and
bone-health biomarkers showed that resveratrol supplementation
increased some key bone biomarkers, such as alkaline phosphatase
and bone alkaline phosphatase.” It should be noted that the ef-
fect of resveratrol on mitochondria is tissue- or cell-specific. Res-
veratrol also inhibits oxidative phosphorylation and mitochondrial
metabolic pathways in mitochondria isolated from rat brains,*’ and
cancer cells.81:82

Curcumin

Curcumin is a natural phenolic biphenyl compound isolated from
the plant Curcuma longa. The evidence so far has shown that cur-
cumin is a protonophoric uncoupler, causing a decrease in ATP
biosynthesis in mitochondria.?3 In Escherichia coli, the ATP syn-
thase F1 sector is inhibited by curcumin and its analogs.®* One
study indicated that curcumin preserved mitochondrial function,
with increased membrane potential and complex III, which is in-
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volved in oxidative phosphorylation. It ultimately ameliorated oxi-
dative stress-induced apoptosis in osteoblasts.?3

Evidence from published studies indicates the effects of cur-
cumin on osteogenesis and bone formation are contradictory. For
example, it has been demonstrated that curcumin inhibited the os-
teogenesis of human adipose derived-MSCs in a dose-dependent
manner.%® However, another study showed that curcumin promot-
ed osteogenesis and bone repair activity of human periodontal liga-
ment stem cells under oxidative stress.” To reveal its relationship
with mitochondria, the controversial roles of curcumin in mito-
chondrial function deserve further study, especially in MSCs or
osteoblasts.

Conclusions

Oxidative phosphorylation, which produces most of the ATP in
cells, is closely correlated with mitochondrial function and many
diseases. The role of oxidative phosphorylation in bone formation
and the effect of natural compounds are shown in Figure 1. Herbal
medicines have been traditionally used to combat diseases. They
contain thousands of natural compounds, some of which may be the
material base for their therapeutic functions. However, few natural
compounds have been found to modulate mitochondrial function,
and new ones need to be identified in the near future. Resveratrol
has been found to induce the expression of genes for oxidative
phosphorylation, and subsequent mitochondrial biogenesis, which
would be useful for combating bone diseases by increasing bone
formation. We should note that oxidative phosphorylation is not
the only pathway by which natural compounds influence the func-
tion of mitochondria. Dietary lipids have been observed in some
studies to regulate the transfer of mitochondria to macrophages,
which determines whether mitochondria from adipocytes are re-
leased into the systemic circulation to aid the metabolic adaptation
of distant organs.?%8° Mitochondrial transport may also be regu-
lated by natural compounds or herbal medicines to impact bone
formation or other biological processes. This is an interesting is-
sue to be addressed in future studies. So far, natural compounds
have many effects on mitochondria, but some data are contradic-
tory. The discrepancies may arise from different cell models and
under different conditions. There is an urgent need to clarify the
discrepancies in using natural compounds that are beneficial for
mitochondria to improve bone quality.
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Fig. 1. Natural compounds regulate bone formation through oxidative phosphorylation. Osteoblasts derived from MSCs are cells required for bone forma-
tion. Oxidative phosphorylation produces a lot of ATP and other products including NAD+ and ROS. These factors play important roles in the regulation of
osteogenesis through different mechanisms, such as Wnt/B-catenin signaling. Natural compounds including resveratrol and others modulate osteogenesis
by regulating oxidative phosphorylation in mitochondria. ATP, adenosine triphosphate; LRP, low-density lipoprotein receptor-related protein; MSC, mesen-
chymal stem cell; NAD*, nicotinamide adenine dinucleotide; ROS, reactive oxygen species; RUNX2, runt-related transcription factor 2; TCA, tricarboxylic acid
cycle; Wnt, Wingless-type MMTV integration site family.
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