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Abstract

In the last few decades, perturbation in methyl-group and homocysteine (Hcy) balance have
emerged as independent risk factors in a number of pathological conditions including
neurodegenerative disease, cardiovascular dysfunction, cancer development, autoimmune disease,
and kidney disease. Recent studies report Hcy to be a newly recognized risk factor for
osteoporosis. Elevated Hcy levels are known to modulate osteoclastgenesis by causing detrimental
effects on bone via oxidative stress induced metalloproteinase-mediated extracellular matrix
degradation and decrease in bone blood flow. Evidence from previous studies also suggests that
the decreased chondrocytes mediated bone mineralization in chick limb-bud mesenchymal cells
and during the gestational period of ossification in rat model. However, Hcy imbalance and its role
in bone loss, regression in vascular invasion, and osteoporosis, are not clearly understood. More
investigations are required to explore the complex interplay between Hcy imbalance and onset of
bone disease progression. This article reviews the current body of knowledge on regulation of Hcy
mediated oxidative stress and its role in bone remodeling, vascular blood flow and progression of
bone disease.

Methyl group and homocysteine (Hcy) metabolism have risen as important metabolic
processes that cause profound effects on health and causes several diseases when disrupted
(Newberne and Rogers, 1986; Scott et al., 1990; Kang et al., 1992; Mattson and Shea, 2003;
Williams and Schalinske, 2010; Schalinske and Smazal, 2012). Hcy is a naturally occurring
non-proteogenic, sulfur-containing amino acid derived from methionine metabolism via
methyl group metabolism. Blood plasma Hcy concentrations highly depend on appropriate
intracellular Hcy metabolism in the liver and kidney (Schalinske and Smazal, 2012). It has
been shown that Hcy could be associated as an independent risk factor for heart, kidney and
brain disease (Lominadze et al., 2006; Sen et al., 2009). Recently, high Hcy levels have also
been associated with increased risk of fractures. However, the exact contributing factors that
cause this fracture risk have not been fully studied (Meurs et al., 2004). Homocystinuria is a
rare autosomal recessive disease characterized by increased circulating Hcy levels with
several clinical manifestations. However, it is also reported that adults without
homocystinuria are also subjected to risk of fractures with high levels of plasma Hcy (Meurs
et al., 2004; Raisz, 2004). Nutritional factors such as vitamin B12, B6, and folate are
cofactors in Hcy metabolism. Dietary supplementation with these vitamins may inversely

"Correspondence to: Neetu Tyagi, Department of Physiology, Health Sciences Center, University of Louisville, A-1201, Louisville,
KY 40202. nOtyag01@louisville.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BEHERA et al.

Page 2

alter plasma Hcy levels. Several studies found that cobalamin and folate are related to bone
mineral density and fracture risk. The work of Sato et al. (1994) observed that fracture
incidence was shown to reduce in patient who received high doses of vitamin B12 and
folate. In addition, genetic polymorphism in relation to Hcy metabolism may also result in
high Hcy level (Selhub et al., 1993; Jacques et al., 1999; Lee et al., 2008).

Osteoporosis is a major social health problem, causing considerable morbidity and mortality
worldwide. The annual expenditures for the direct medical care of osteoporotic fractures in
the United States in sum total at $13.8 billion in 1995, $17.5 billion in 2002, and $22 billion
in 2008 (Herrmann et al., 2005a; Blume and Curtis, 2011). Little is known about the role of
this innocent bystander “Hcy” in bone disease. More research is needed to illuminate the
mechanism linking Hcy and bone disease. The first ever study about this was demonstrated
by McKusick (1966) and then this particular area were further explored by others too
(McKusick, 1966; Lubec et al., 1996; Masse et al., 2003). In this review, we emphasize the
role of Hcy that elicits bone disease. More specifically, how elevated levels of plasma Hcy
causes bone remodeling by activating osteoclasts, decreasing bone mineralization, and
leading to onset osteoporotic fractures.

Homocysteine Mediates Oxidative Stress and Enhances Osteoclastgenesis

Hcy has been shown to be a potent stimulator for oxidant signaling in both in vivo and in
vitro studies (Lentz, 1997; Voutilainen et al., 1999; Eberhardt et al., 2000; Tyagi et al., 2005;
Koh et al., 2006). Osteoclasts lineage and its formation are very sensitive to increased
generation of reactive oxygen species (ROS) (Garrett et al., 1990; Bax et al., 1992; Lean et
al., 2003). Earlier work reports that Hcy increases intracellular ROS, which enhances
osteoclast differentiation (OCs) and its activity in both primary mouse bone marrow cells
(BMCs) in the femora and tibias of ICR mice and also in peripheral blood mononuclear cells
(Markus et al., 2005; Koh et al., 2006; Blume and Curtis, 2011). The differentiated OCs
activity was measured by tartrate-resistant acid phosphatase (TRAP), creatine
phosphokinase (CP-K), and dentine resorbing activity. In addition, Hcy also suppress the
apoptosis of osteoclasts (Selander et al., 1996; Koh et al., 2006). The increased Hcy impairs
the cellular and molecular mechanism of bone marrow-derived osteoclasts by causing
imbalance between phosphorylation and de-phosphorylation state of various protein kinases
that modulates bone cell remodeling. Hcy has been reported to increased phosphorylation of
P38 mitogen-activated protein kinases (MAPK) in receptor activator of nuclear factor kappa-
B ligand (RANKL) dependent manner, but it does not have any effects on phosphorylation
of extracellular signal-regulated kinases(ERK), c-Jun N-terminal kinases (JNK), and nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor (NFKBI), alpha (IxBa.)
(Koh et al., 2006). As osteoblasts are important for bone formation, studies showed that its
activity is decreased with increased Hcy concentration (Herrmann et al., 2008).

It is reported that activation of peroxisome proliferator-activated receptor gamma (PPARY)
is associated with bone loss and increased fracture risk by positively regulating
osteoclastgenesis (Wan et al., 2007). Moreover, Hcy acts as ligand to PPAR-+y receptors in
bone cells and might affect bone resorption by activating detrimental oxidizing environments
(Itzstein et al., 2001; Stunes et al., 2011). In the mouse model of hyperhomocysteinemia
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(HHcy), Akita mice, it is suggested that PPAR-v, tissue inhibitor of metalloproteinase-4
(TIMP-4) and anti-oxidant thioredoxin are attenuated, whereas matrix metalloproteinase
(MMP)-9, TIMP-3, and NADPH oxidase 4 (NOX4) are induced (ltzstein et al., 2001;
Mishra et al., 2010). Moreover, the activation of PPAR receptor further increases cellular
antioxidant enzymes like superoxide dismutase (SOD) and catalase, while decreasing NOX4
but under total homocysteine (tHcy) conditions, this antioxidant mechanism is disturbed by
creating detrimental oxidative stress (Inoue et al., 1998).

Chenu et al. (1998) investigated the possibility that whether bone cells express N-methyl-D-
aspartate (NMDA) receptors (NMDARI), ionotropic N-methyl-D-aspartate (NMDA)
receptor-1 subunit (INMDARI) or not. They further characterized if they are important for
osteoclast activity via immunocytochemistry analysis of rat bone sections (Chenu et al.,
1998). It is shown that Hcy increases oxidative stress-mediated ROS generation by activation
of NMDA-R followed by intracellular calcium (Ca*2) overload. This increase in ROS will
further activate the MMPs. The activation of MMPs may play an important role in matrix
degradation (Vacek et al., 2013) (Fig. 1).

In another study, it was found that Hcy induces apoptosis via ROS-mediated mitochondrial
pathway in NF-kappaB activated primary human bone marrow stromal cells and HS-5 cell
line. This leads to release of cytochrome-c and subsequent activation of caspase-3 and 9.
This suggests it would have a similar apoptotic effect on osteoblasts, leading to osteoporosis
by reducing bone formation. This physiological perturbation may provide the basis for
evidence that Hcy is involved in osteoporotic bone loss (Kim et al., 2006).

Homocysteine-Mediated Mitochondrial MMP Activation and Collagen Matrix

Degradation

Mitochondria are important cellular organelles involved in aerobic respiration; producing
ATP through oxidative phosphorylation. They serve an essential role in minimizing cellular
ROS from the electron transport chain (ETC). MMPs are a series of enzymes involved in
matrix degradation that are activated in mitochondria in response to cellular generation of
ROS (Fu et al., 2001). One important mechanism for MMP-9 activation occurs via calpain-I
in mitochondria. The mechanism of Hcy-induced extracellular matrix remodeling by
MMP-9 activation, via mitochondrial pathway, is largely unknown. In this scenario, the
work of Moshal et al. (2006) is very relevant which showed that Hcy was shown to activate
MMP-9 via calpain-l mitochondrial translocation in heart microvascular endothelial cells in
rats, resulting in intra-mitochondrial oxidative stress response. Prior to this downstream
mechanism, Hey binding to NMDA-R leads to increased intracellular Ca*? and MAPK
activation (Moshal et al., 2006). As NMDA-R was discovered in bone forming osteocytes
(Itzstein et al., 2001), a similar mechanism may be harnessed for sequent activation of MMP
via ROS-Calpain-1 axis; therein activated MMPs are exited from mito-surface and cause
matrix degradation process by entering the extracellular matrix (ECM). In this context, it
concludes that mitochondria play an essential role in MMP activation and through this
mechanism, is involved in bone turnover and repair (Fajardo et al., 2010).
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Specific MMPs have their specific functions during physiological needs. Some MMPs have
been ascertained to serve regulatory roles. For example, MMP-9/gelatinase B is a key
regulator of growth plate angiogenesis and apoptosis of hypertrophic chondrocytes (Vu et
al., 1998); MMP-9 and MMP-13 expressed by osteoclasts, endothelial cells, and bone
marrow stromal cells plays crucial role in endochondral ossification (Pasternak and
Aspenberg, 2009); MMP-14 regulates MMP-2, which promotes osteogenesis from
osteoblasts (Sato et al., 1994).

Homocysteine Negatively Regulates Chondrocyte-Mediated Bone Matrix

Mineralization and Gestational Ossification

Several reported studies have assessed the role of collagen cross-links in the process of
matrix mineralization. B-aminopropionitrile (BAPN), an inhibitor of collagen crosslinks,
causes a decrease in bone mineralization both in vitro and in vivo by inhibiting the enzyme
responsible for the generation of Lysl oxidase; the reactive aldehyde involved in collagen
cross-linking (Reddi and Sullivan, 1979; Carrington et al., 1984). Hcy is also known to cause
decreased matrix maturation and bone mineralization. The work of Khan et al. (2001)
showed differentiation chick limb-bud mesenchymal cells under Hcy treatment, plated in
micro-mass cultures and allowed for chondrocyte-mediated matrix maturation and
mineralization, demonstrated that exogenous Hcy supplementation was known to be
teratogenic in the developing chick (Rosenquist et al., 1996); it reduced mineralization was
also shown in the differentiating chick limb-bud mesenchymal cells. Hcy administration
causes multifactorial effects on the cellular system. It reduces formation of pyridinoline and
deoxypyridinoline cross-links, decreases proteoglycan content thereby directly altering
matrix organization, and negatively affects mineralization by reducing Ca*2 uptake. Electron
microscope results indicate that Hcy treatment results in irregular deposition of collagen in
the extracellular microenvironment, and fibrils were found to be smaller in cross-section
than those in control cultures. The abnormal collagen deposition leads to abnormal cell-
matrix interaction. As a result, chondrocytes may not be receiving the appropriate
extracellular signals from surrounding environment for their differentiation and
mineralization (Khan et al., 2001).

Proper longitudinal bone growth depends on the production of a mineralized cartilage
template by the epiphyseal plate. Alternations in the biochemical composition of growth
plate lead to abnormalities in organization of cartilage septae thus contributing to reduced
bone mass. Most experimental studies evaluating the effects of pronounced
hyperhomocysteine have shown it to produce temporal shortening of the long bones (Robert
et al., 2005; Herrmann et al., 2007). The work of Herrmann et al. (2007) reported moderate
to severe reduction in trabecular bone mass in rats treated with moderate
hyperhomocysteine- or methionine-rich diet. However, the possible effects of Hcy on growth
plates in bone microarchitecture have not been fully reported. The work of Azizi et al.
(2010) demonstrated in rat model of moderate HHcy condition. In this study, experimental
groups were received Hcy in their drinking water before mating and for the total period of
pregnancy. The histologic and histomorphometric analysis of tibia, radius, and vertebra were
significantly decreased and that growth plate structure was abnormal in the offspring of
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homocysteine treated mothers. Trabecular bone volume was observed to possess abnormal
cartilaginous structure and abnormal surface area in developing rat embryo and enlargement
of the hypertrophic zone due to delayed resorption of epiphyseal cartilage during
endochondral ossification and subsequent hypertrophy in hypertrophic zone (Azizi et al.,
2010). They found that the increased number of chondrocytes rather than an increase in cell
or extracellular matrix size may be responsible for enlargement of hypertrophic zone.
Overall, the moderate HHcy condition induces micro-architectural deterioration in growth
plate and bone development during endochondral ossification.

Effect of Homocysteine on Bone Loss and Osteoporosis

Bone homeostasis is maintained by a balance between bone resorption by osteoclasts and
bone formation by osteoblasts. Osteoblasts only play a central role in bone formation, by
producing multiple bone matrix, but also regulating osteoclast activity by soluble mediators
resulting in bone resorption. To determine the detrimental effects of tHcy on bone, several
biochemical bone turnover markers are used in studies, such as, hydroxyproline, N-terminal
collagen-1 telopeptides, and non-collagenous matrix protein osteocalcin (Ozdem et al.,
2007). The work of Herrmann et al. (2005b) showed direct interaction of tHcy with collagen
bone matrix. The following markers were observed to define the relationship between tHcy
and organic/inorganic bone resorption. These are (i) bone mineral density at total hip (BMD-
HIP); (ii) bone mineral density at lumbar spine (BMD-LS); (iii) serum Ca*2; (iv) urinary
deoxypyridinoline (DPD) cross-links; (v) fasting venous blood and urine sampling; (vi)
osteocalcin measurement; (vii) osteoprotegerin (OPG); and (viii) soluble receptor activator
of NF-xB ligand (SRANKL) (McLean et al., 2004). There was a significant relationship
found between Hcy and calcium Ca*2 measurements (r = 0.170, = 0.045) as well as Hcy
and deoxypyridinoline (DPD) measurements (r = 0.193, 2= 0.022); however, the others did
not found a significant relationship with Hcy (Herrmann et al., 2005a).

It is evidenced that tHcy has more effect on femoral neck fractures by observing parameters
like collagen cross-link ratio and bone mineralization density distribution (BMD) which
suggests significant correlation between HHcy and collagen crosslink ratio in primary
mineralized bone area (£ < 0.0001). However, there was no correlation obtained between
HHcy and BMD (P < 0.05). Hence it could be possible that HHcy alters the bone quality by
interfering with collagen cross-linking (Herrmann et al., 2005b; Blouin et al., 2009). In
addition, another key bone protein marker, B-catenin, which mediates Wnt signalling
pathways in bone metabolism. It controls both differentiation of osteoblasts and osteoclasts.
A study by Kramer et al. (2010) observed that low bone mass phenotype had increased
numbers of osteoclast, and osteoclast activity, in p-catenin-knockout mouse model. Hcy is
also shown to have a direct effect on bone biomechanical properties by accumulating in bone
surface and reducing trabecular or spongy bone density. The study observed that 65% of
tHcy binds to collagen matrix and decreases bone strength (Herrmann et al., 2009). Hcy also
suppresses the expression of the collagen crosslinkers lysyl oxidase involving IL-6, Fli 1,
and epigenetic DNA methylation; all of which contribute to decrease bone quality (Thaler et
al., 2011).
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Osteoporosis is a complex multifactorial disease with characteristics of low bone mass.
Strong genetic components and lifestyle factors are also involved in maintenance of bone
mass (Vaes et al., 2009). Nutrition is one of the factors for maintaining proper bone health.
During the early decades of life, adequate intake of nutrients (Ca*2 and vitamin D) is
essential to establish peak bone mass. Nutritional deprivation of such nutrients can cause
impaired skeletal development during childhood. In adults, these deficiencies have been
associated with loss of bone quality, making bones more prone to fracture risk (Palacios,
2006; Prentice et al., 2006; Cashman, 2007). A challenge in nutrition research is identifying
the key food components that maintain bone health. In the last few decades, it has been
found that key vitamins, such as vitamin B12, B6, and folate, regulate methionine
metabolism. Deficiencies in these key vitamins negatively regulates the methionine cycle
leading to plasma accumulation of Hcy. A number of epidemiological studies have reported
that plasma Hcy level associated with decreased intake of key vitamins is correlated with
reduced bone quality. Elevated Hcy could be a possible independent factor for fracture risk
(Dhonukshe-Rutten et al., 2005; Morris et al., 2005; Baines et al., 2007). The work of Perier
et al. (2007) showed that fracture risk was higher in women with increased plasma tHcy in
the highest quartile, independent of age. The tHcy in serum could be a frailty marker,
modulated by factors such as nutritional state and physical activity (Perier et al., 2007). In
another study, it was shown that Hcy impairs fracture repair in a bone fracture mouse model
after feeding high Hcy diet for 3 weeks. The parameters like decreased bending stiffness of
femora, smaller diameter with no difference in tissue formation (Claes et al., 2009). It is well
known that estrogen receptors are important for female reproductive function and bone
formation. An in vivo and in vitro study suggests that tHcy can promote hyper-methylation
of the promoter region of estrogen receptor a, leading to decreased mRNA transcription.
Hence, estrogen receptor a transcription is down regulated by increased levels of Hcy,
causing deterioration of biomechanical properties of bone (Aaron et al., 2009). In a study of
women between the ages of 70 and 58 years, result showed that higher tHcy was associated
with a greater hip BMD loss over 4 years (-2.8%) compared to the lowest percentiles of
tHey (-1.2%). This concludes that increased tHcy in elderly patients is associated more with
significant bone loss rather than incidence of bone fracture (Perier et al., 2007). In a HHcy
mouse model, mice fed with high methionine for 3 months, results showed increased bone
fragility of the femoral neck by 18% in methionine fed rats. In conclusion, Hcy causes a
decrease in biomechanical properties through deteriorating bone loss and the relation
between bone resorption and bone formation indicates a shift toward bone resorption, which
might be a plausible explanation for osteoporosis (Ozdem et al., 2007) (Fig. 2).

Effects of Homocysteine on Vasculature

It is known that bone formation is dependent on a well-organized vascular network. Vascular
blood flow is recognised as a vital basis of normal bone growth and repair, as bones are
living tissue entities responsible for the maintenance and support of life processes (Fleming
et al., 2001; Vacek et al., 2013). The blood supply to bone, by nutrient arteries, is delivered
to the endosteal cavity and then flows through marrow sinusoids before exiting via
numerous small vessels that ramify through the bone cortex (Marenzana and Arnett, 2013).
The quality of vascular blood supply to bone tends to decline with age and may be
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compromised in common pathological settings including; diabetes, bone metastasis,
anemias, and chronic airway diseases. Reductions in vascular supply are associated with
bone loss. This may be due to regional hypoxia, which blocks osteoblast-mediated matrix
mineralization and bone formation and reciprocally activates bone resorptive osteoclast
formation; subsequently causing bone loss. Common regulatory factors like nitrate,
produced during endothelial nitric oxide synthase (eNOS) group enzyme signaling, are
potent vasodilators which exerts their osteogenic effects on bone via vasculature (Marenzana
and Arnett, 2013). It was also reported that mice deficient in endothelial nitric oxide
synthase (NOS) showed diminished bone development, parallel with mice treated with the
nitric oxide (NO) inhibitor, amino-guanidine (L-NAME) (Sunyer et al., 1997).

Recent studies have shown that HHcy can alter the ability of vasculature to dilate by
decreasing the bioavailability of NO, which ultimately increases vascular resistance.
Considering the evidence behind HHcy-mediated increase in vascular resistance; Tyagi et al.
(2011) demonstrated that bone blood flow is decreased in HHcy conditions in experimental
mice. The blood flow index in tibia of control groups was significantly higher compared
with the Hey-treated group, which potentially compromised mechanical bone properties.
However, tibia bone density was unchanged among the both groups (Tyagi et al., 2011). It is
suggested that Hcy increases oxidative stress mechanism and decreases the bioavailability of
NO (Banfi et al., 2008). This increase in oxidative stress that further reduces NO
bioavailability, could also decrease bone blood flow and lead to osteoporosis (Sanchez-
Rodriguez et al., 2007). In a follow-up experiment on mice deficient in cystathionine -
synthase (CBS), a gene involved in tHcy clearance, tibia blood flow was observed to be
decreased relative to control mice. In summary, the above studies provide strong evidence
that HHcy is involved in decreased blood flow, thereby causing weakening of the bone (Fig.
2). Future studies are needed to understand the HHcy-mediated molecular mechanisms that
disrupt bone vessel architecture and integrity.

Conclusion

Itis clearly evidenced that Hcy directly activates osteoclast formation and activity, in vitro,
via increased oxidative mechanism and mitochondrial MMP activation causing bone matrix
degradation and alterations in the biomechanical properties of bone. Furthermore, it is
evidenced that Hcy decreases bone blood flow, as a consequence of decreased bioavailability
of NO, affecting bone structure. These findings suggest that increased bone resorptive action
by osteoclasts may contribute to osteoporosis in individuals with mild to moderate HHcy.
Our lab is interested in the mechanisms of osteoclast activation, osteoblastic dysfunction and
vascular network-mediated decrease in bone blood flow, under mild to moderate HHcy
conditions. We welcome further research in these proposed areas.
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Fig. 1.

Sc%ematic mechanism of homocysteine-mediated bone remodeling via oxidative stress. The
increased homocysteine level elevates intracellular calcium by agonizing NMDA-RI. This in
turn increases activation of calcium dependent calpain-1, which disrupts the mitochondrial
membrane potential. Thus increasing reactive oxygen species (ROS) which further activates
MMPs, resulting in matrix degradation. Increased homocysteine levels also induces
apoptosis via ROS-mediated oxidative pathways which further switches off osteoblast
activity and mineralization, by up regulating RANKL expression, leading to osteoporosis by
reducing bone formation.
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Fig. 2.

Mechanism of homocysteine that contribute to the development of osteoporosis.
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Homocysteine level is associated with increased oxidative stress in bone microenvironment.
Increased reactive oxygen species (ROS) induces osteoblast apoptosis thereby decreasing
osteoblastgenesis. This increase in oxidative stress further reduces NO bioavailability, by
producing superoxide anions ( O), which could also decrease bone blood flow and possibly
angiogenesis. The ROS generated by this process activates osteoclastgenesis, by monocyte

fusion, further contributing to loss in bone density; leading to osteoporosis.
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