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Abstract
Although epidemiological studies from the past two decades show a link between atherosclerotic
vascular disease and bone loss, that is independent of age, the mechanism is still unclear. This
review focuses on evidence that suggests a role for atherogenic lipids and lipoproteins in the
pathogenesis of bone loss, including direct effects of these bioactive lipids/lipoproteins on bone
cells, inhibiting osteoblastic differentiation and promoting osteoclastic differentiation. It also
addresses recent evidence that suggests that bioactive lipids blunt the effects of bone anabolic
agents, such as teriparatide and bone morphogenetic proteins. The role of systemic and
intracellular oxidant stress and inflammation in mediating the effects of bioactive lipids/
lipoproteins are implicated.

Biological lipids and lipoproteins
Most biological lipids are in the forms of fatty acids, triglycerides, cholesterol, steroid
hormones and phospholipids. Due to their hydrophobic nature, lipids are carried in the
circulation to the peripheral tissues via lipoproteins. Dietary triglycerides are absorbed from
the intestine into the circulation via chylomicrons, whereas triglycerides synthesized from
the liver are carried by very low-density lipoprotein (VLDL), both of which contain
apolipoprotein E (apoE). Both dietary and liver-synthesized cholesterol are carried on low-
density lipoprotein (LDL) particles, which contain a single large protein, apoB 100 that is
recognized by the LDL receptor. The return of fat-soluble wastes from interstitial spaces of
peripheral tissues to the liver for excretion, a process known as “reverse cholesterol
transport,” is carried out by another lipoprotein, high-density lipoprotein (HDL).1 Lipid
levels in the circulation depend on a combination of dietary intake, cellular biosynthesis, and
rate of elimination as bile acids.1 Consequently, deficiency of apoE or the LDL receptor,
which reduces uptake by hepatic and peripheral cells, leads to increased levels of circulating
lipoproteins, a known risk factor of atherosclerosis.

Epidemiological studies have shown that serum levels of HDL are inversely associated with
risk of atherosclerotic disease.2, 3 Recent studies indicate that, in addition to facilitating
reverse cholesterol transport, HDL cholesterol protects against cardiovascular disease by
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reducing intestinal oxidized lipid metabolism.4, 5 Among the proteins that transiently
associate with HDL are paraoxonase (PON) and apolipoprotein A–I, which have antioxidant
properties and are believed to confer the protective effects of HDL.6 In humans, low serum
levels of paraoxonase 1 (PON1) are associated with cardiac events,7 and in animals, PON1
deficiency causes increased aortic superoxide production and leukocyte adhesion due to
increased production of adhesion molecules.8 HDL-mediated protection against oxidation of
LDL has been shown to correlate with levels of paraoxonase production.9 Transgenic mice
expressing paraoxonase 3, another member of the PON family, also show resistance to
atherosclerotic lesion formation and adiposity in response to an atherogenic diet.10 A recent
study attributed the atheroprotective properties of apoA-I to conformational adaptability
during reverse cholesterol transport. Transfer of apoA-I from HDL during this process has
been impaired in animals fed a high fat, high cholesterol diet as well as human subjects, who
carry at lest one risk factor for cardiovascular disease.11 Domain swap experiments in
genetically hyperlipidemic mice demonstrated that destabilizing the amino-terminal helix
bundle domain or increasing hydrophobicity of the carboxy-terminal domain of human
apoA-I enhanced reverse cholesterol transport function.12

Lipids and bone
Lipids play an important role in skeletal metabolism and bone health. They restrict radial
permeability of cortical bone, likely affecting the metabolic functions of bone cells.13 A
relationship between lipids and biomineralization was proposed as early as 1963.14 Matrix
vesicles involved in chondrocyte mineralization are enriched in cholesterol. Using solid-
state NMR technique, Reid and colleagues recently identified fatty acyl lipids in calcified
bone.15 The relative abundance of methyl branched fatty acids in this lipid pool suggest that
they are remnants of lipoprotein particles and not of phospholipid membrane.15 In addition,
lipoproteins are vehicles for carrying fat-soluble vitamins in their lipid core, such as
vitamins D and K, which have key roles in bone metabolism. Vitamin D regulates serum
calcium and phosphorus concentrations, while vitamin K is required for activation by
gamma-carboxylation of osteocalcin (bone GLA protein) and matrix GLA protein, known
regulators of mineral maturation, delimiting or slowing the mineral maturation process as a
terminal step of bone tissue formation. Interestingly, in a meta-analysis of clinical studies,
vitamin K supplementation does not show a significant effect on bone mineral density
(BMD) in the lumbar spine or femoral neck16. Yet the relatively high bone density in mice
deficient in apolipoprotein E, which is involved in LDL interaction with peripheral cells, has
been attributed to inadequate delivery of vitamin K to osteoblasts.17

Hyperlipidemia, cardiovascular disease and osteoporosis
It is estimated that hyperlipidemia is present in over 30 million adults in the US (Centers for
Disease Control, 2011) and over 160 million adults in China.18 Current guidelines of the
American Heart Association define hyperlipidemia based on levels of total cholesterol (>240
mg/dl), LDL-cholesterol (> 160 mg/dl), or triglycerides (>200 mg/dl). Since low levels of
HDL (< 40 mg/dl in men and < 50 mg/dl in women) are also considered atherogenic, the
terms “dyslipidemia” and “atherogenic lipid profile” are used as well.

A correlation of osteoporosis with atherosclerosis, a pathological consequence of
hyperlipidemia, has been reported.19, 20 In addition, aortic calcification, an established
marker for atherosclerotic burden, correlates with osteoporosis and fracture risk.21, 22 The
significance of the relationship is underscored by proposals that low BMD be used as a
clinical marker for coronary artery disease.23, 24 One possible explanation for the
correlation, supported by the relationship between the presence of peripheral arterial disease
and osteoporosis,25 may be an indirect effect of lipids on bone – occlusive atherosclerosis in
arteries supplying bone tissue may produce bone ischemia with resultant loss of bone
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formation and density. Another possible explanation for this correlation is a direct effect of
hyperlipidemia on bone, which is supported by the evidence described in this review.

Studies also found direct associations between osteoporosis and hyperlipidemia. Orozco and
colleagues found that postmenopausal women with atherogenic lipid profiles (fasting state)
have lower BMD at the lumbar, total hip and femoral neck bones than those with normal
lipid profile.26, 27 In another study, lumbar and whole body BMD correlated inversely with
lipid levels (above the atherogenic threshold) in postmenopausal women, but not in
premenopausal women or postmenopausal women on hormone replacement therapy
(HRT),28 suggesting that HRT use should be taken into consideration due to the known anti-
inflammatory effects of estrogen. When the subjects were not fasted prior to blood
collection or when the lipid levels were below the atherogenic threshold, a weak or even a
positive association between serum lipid levels and BMD was found.29, 30 Variability in the
outcome among the studies may be attributed to the study design parameters, including bone
site (lumbar, femoral neck, etc.), lipid level thresholds (atherogenic vs. normal profile),
exclusion criteria (hormone replacement therapy, hyperparathyroidism), and/or technical
aspects (fasting or non-fasting blood samples for lipid measurements). It has been proposed
that the true determinant of the impact of hyperlipidemia may be -- not current lipid levels --
but total or long-term, duration of exposure to abnormal lipid levels, which has been
measured in cholesterol-years.31 Furthermore, subendothelial accumulation of lipids, which
depends not only on hyperlipidemia, but also on the rate of clearance through the lymphatic
flow,32 may be the culprit in the inflammatory reaction. It should be noted that a relationship
between lipids and bone density may be missed in any cohorts in which subjects with
cardiovascular disease are excluded. If there is genetic susceptibility to general tissue
damage from hyperlipidemia, then the subjects whose bone is vulnerable to hyperlipidemic
damage may be the same ones who develop cardiovascular disease from hyperlipidemia.
Thus, excluding subjects with hyperlipidemic heart disease may also exclude subjects with
hyperlipidemic bone disease. Lastly, the measurements of bone density by x-ray
densitometric scanning, particularly for the lumbar and femoral areas, may be affected to
some degree by the overlap with aortic, iliac and femoral artery calcification, which are also
positively associated with lipid levels.33

Animal models of hyperlipidemia
Animal models of hyperlipidemia are based on genetic and/or dietary interventions. Genetic
models of hyperlipidemia involve disruption of normal lipoprotein regulation and
metabolism. Among mouse strains, C57BL/6 mice are the most susceptible, whereas C3H/
HeJ mice are the most resistant to atherosclerosis.34 C57BL/6 mice that are on an
atherogenic, high-fat diet or deficient in receptor (LDL receptor) or ligand (apoE) develop
hyperlipidemia and atherosclerosis due to reduced clearance of non-HDL lipoproteins. Two
high-fat diets are widely used to induce atherosclerosis: the atherogenic “Paigen” diet, which
contains 1% cholesterol, 15% fat, and, importantly, 0.5% cholic acid; and the Western diet,
which contains 21% fat and 0.15% cholesterol, but no cholic acid. Results differ with the
two diets, and the differences are often attributed to liver inflammation related to cholate.35

In rodents, significant relationships have been reported between BMD and LDL- cholesterol
levels. Diet-induced hyperlipidemia has been shown to adversely affect bone growth and
BMD in C57BL6 background mice.36–39 In mice with normal lipid levels prior to the diet,
the bone loss occurs after 7 months. In contrast, in genetically modified mice with
hyperlipidemia prior to the diet, the bone loss is accelerated (approximately 3 months) by
the same diet,38, 39 suggesting a pathogenic role of lipids on bone loss. It also reduces
mechanical strength and measures of structural integrity in both cortical and trabecular
bone.39–41 In addition, bone regeneration, in a cranial-defect model, is also blunted in mice
fed an atherogenic diet.39
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In C3H/HeJ mice, which are genetically resistant to tissue disorders (such as atherosclerosis)
caused by abnormal lipid levels,42, 43 are also resistant to hyperlipidemic bone loss.38 This
resistance has been attributed to reduced lipid retention in the subendothelial space of the
artery wall as well as reduced expression of inflammatory and oxidant stress-response genes
in endothelial cells in response to oxidized lipids in these two strains.42, 43 In an interesting
twist, the genetically hyperlipidemic apoE-deficient mouse has unexpectedly greater BMD
than wild type mice.44 This finding raises questions about the effect of hyperlipidemia on
bone, but it has been attributed to the function of apoE in delivering fat-soluble vitamins,
such as vitamins D and K to osteoblasts.44 This is based on the reasoning that vitamin K is
required for gamma-carboxylation of osteocalcin, an inhibitory regulator of mineralization,
and its deficiency would release opposition to bone formation, leading to higher BMD in
apoE-deficient mice. The strength of this effect appears to outweigh any effect of
hyperlipidemia on bone.

Inflammatory lipids/lipoproteins
The primary mechanism of hyperlipidemia’s role in atherogenesis is the formation of
oxidatively modified forms of LDL and phospholipids. In the context of an atherogenic lipid
profile and/or reduced lymphatic flow (e.g., sedentary lifestyle), LDL particles tend to
accumulate in the subendothelial matrices of arteries, and possibly other tissues. There, in
the presence of metabolically active cells, which produce oxygen radicals, they undergo
varying degrees of non-enzymatic, free radical-induced oxidation of arachidonate-containing
phospholipids resulting in modified forms of LDL, such as minimally modified LDL
(partially oxidized; MM-LDL) and highly oxidized LDL (ox-LDL).45 These modified LDL
particles induce potent inflammatory responses that are not associated with native LDL,
such as recruitment of monocytes to the arterial wall, induction of chemotactic factors in
endothelial cells, and adhesion of monocytes to endothelial cells, thereby initiating
pathogenic events of atherosclerotic lesion formation.46 Importantly, since arachidonates are
precursors of prostaglandins47 that mediate inflammatory responses,48, 49 arachidonate-
containing bioactive lipids may further amplify inflammation. A significant advance has
been the identification of oxidized forms of 1-palmitoyl-2-arachidonyl-sn-glycero-3-
phosphocholine (ox-PAPC), the biologically active phospholipid components of MM-LDL,
and demonstration of their atherogenic potential in vitro and in vivo. Ox-PAPC induces
inflammatory gene expression in cultured bone marrow-derived macrophages, and
intraperitoneal injection of ox-PAPC causes inflammation and oxidative tissue damage in
livers.50 These modified biologically active lipoproteins (MM-LDL, ox-LDL) and
phospholipids (ox-PAPC) are also known as “bioactive inflammatory lipids.” Emerging
evidence suggests that these pro-inflammatory molecules are also deleterious to bone health,
as described below.

Lipid accumulation in bone
During bone formation, vascularization plays an important role, supplying nutrients,
scaffolds, and osteogenic precursor cells, which remain in close association with the vessels.
Cortical bone osteons are each centered on a vessel, which is lined by a subendothelial
matrix, and trabecular bone is adjacent to the subendothelial matrix of marrow sinusoidal
vessels. Since modified lipoproteins and bioactive lipids are also systemically delivered to
bone tissue compartments, lipoproteins and lipids may accumulate in the subendothelial
matrix of human bone vessels51–53 as they do in the vascular endothelium. Since osteoblast
progenitor cells are primarily adjacent to the subendothelial spaces, they may be exposed to
inflammatory lipoproteins and lipids (Figure 1).

In osteoporotic human bone, interstitial lipid accumulation has been shown by histochemical
staining in the subendothelial spaces of Haversian canal vessels.53 Interestingly, lipid
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accumulation in osteocytes, and osteocyte apoptosis have also been associated with alcohol-
induced bone loss.54 The lipid accumulation in tissues may result in part from dysfunction
of lymphatic vessels, causing reduced clearance of lipids and lipoproteins.32 Their
prolonged accumulation in interstitial spaces exposes them to non-enzymatic modifications,
such as oxidation and glycation, which make them biologically active in inducing
inflammatory responses as occurs in atherosclerotic lesions.55

Notably, osteoblasts produce and secrete various forms of lipids including triglycerides,
cholesterol and phospholipids.56, 57 It has been shown that osteoblasts, like vascular cells,
are participants in the pathological cascade as they also cause nonenzymatic oxidation of
lipoproteins58 -- presumably through release of metabolic factors. Thus, bone can produce
its own oxidized lipids, which would lead to an inflammatory microenvironment, if those
lipids accumulate for a prolonged period in the extracellular milieu. The combination of
these locally produced oxidized lipids together with the systemic insult of lipids from the
circulation may exacerbate the progression of pathology. Of note, this lipid accumulation in
the subendothelial space is extracellular, i.e. in the interstitial spaces; hence, it is a distinct
process from lipid storage in adipose tissue, which consists of intracellular neutral lipid
synthesized by the adipocytes.

Oxidant stress
Reactive oxygen species (ROS), including superoxide anion, hydroxyl radical, thiol, and
nitric oxide generated as by-products of cellular metabolism, most likely contribute to the
production of lipid peroxidation products.45 Ordinarily, ROS probably dissipate or are
scavenged by radical scavenger enzymes. However, by oxidatively modifying adjacent
lipids, the biological activity of ROS may be, in effect, prolonged. Lymphatic stagnation of
the tissue increases exposure time to reactive species, and hyperlipidemia increases the
numbers of lipid molecules exposed. Lipid oxidation products in the interstitium, in turn,
promote intracellular oxidant stress in osteoblasts,59–61 further exacerbating and amplifying
an oxidative stress response in bone. An atherogenic, high-fat diet has been shown to
increase ROS formation by inducing liver expression of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase complexes, an ROS-producing enzyme.62 In mice, this diet
results in accumulation of lipid oxidation products in serum, liver, and bone marrow.39, 53, 62

Lipid oxidation products and bone cells
Evidence suggests that inflammatory bioactive lipids induce bone loss, by inhibiting
differentiation of bone forming osteoblasts, and promoting differentiation of bone resorbing
osteoclasts (Figure 2A). In vitro studies show that modified lipids and lipoproteins directly
inhibit expression of osteoblastic differentiation markers, including expression and activity
of alkaline phosphatase, processing of type I collagen and matrix calcium deposition,63 and
that their effects are mediated by intracellular ROS.59, 64 Bioactive lipids, however, promote
adipogenic differentiation of bone marrow stromal cells, in part through the activation of
peroxisome proliferator-activated receptor-alpha63 and Wnt signaling,59 suggesting that
lipid oxidation products promote bone loss by directing progenitor stem cells in the bone
marrow along the adipogenic lineage rather than the osteoblastic lineage. Of note,
hyperglycemia also promotes adipogenic induction of bone marrow stromal cells via the
pathway involving ERK/PI3K/Akt signaling.65 Given the prevalence of diabetes in
hyperlipidemic subjects, one may postulate that individuals with metabolic syndrome have
increased risk for bone loss and fracture. However, due to the general positive association
between obesity/body weight and bone mineral density, epidemiological studies do not show
a clear pattern of association between metabolic syndrome and fractures or bone mineral
density.66
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With respect to bone resorption, bioactive lipids promote differentiation of osteoclastic cells
by inducing enzyme activity of tartrate-resistant acid phosphatase, promoting
multinucleation, and resorption of bone matrix.67 The increased resorption is likely due to
stimulatory effects of bioactive lipids on production of interleukin-668 as well as receptor
activator of NF-kB ligand (RANKL) by bone marrow stromal/osteoblast cells67 and by T
lymphocytes.69 In mice, an atherogenic, high-fat diet causes high serum levels of RANKL36

and increased differentiation potential of preosteoclasts in the bone marrow.53

Osteocytes have emerged as an additional source of in vivo RANKL production. They serve
as biomechanically sensitive sentinels and are the most abundant cells in bone constituting
over 90–95% of cells.70 They regulate bone formation and resorption by inhibiting or
promoting osteoclastic activity according to need.71 The role of osteocytes in the control of
bone resorption is evidenced by the high levels of both of the osteoclastogenic cytokines,
macrophage colony-stimulating factor (M-CSF) and RANKL in the osteocytic cell line
MLO-Y4.70 This is further supported by in vivo work of Xiong and colleagues, who
generated mice with osteocyte-specific deletion of RANKL and found that, although the
bones developed normally by 5 weeks of age, the adult mice were resistant to unloading-
induced bone loss.72

In skeletally mature adults, bone mass homeostasis is maintained by the tightly coupled
activities of bone forming osteoblasts and bone resorbing osteoclasts.73 Therefore, even
though bioactive lipids have inhibitory effects on both osteoclastic and osteoblastic function,
it is possible that one of the two effects is direct and primary whereas the other is indirect
and secondary, due to the effects of coupling.73

Effects on bone anabolic agents
Adverse effects of inflammatory lipoproteins and lipids extend to the efficacy of bone
anabolic agents. The first and only anabolic agent used to treat osteoporosis is parathyroid
hormone (PTH), which is administered by intermittent injection. This 84-amino acid peptide
critically maintains calcium homeostasis by stimulating either bone formation or resorption,
necessary to keep serum calcium levels within the physiological range. Sustained serum
PTH elevation stimulates bone resorption, whereas a transient rise in serum PTH, as
achieved by intermittent injections of recombinant human PTH (1–34; teriparatide),
stimulates bone formation.74 In both young and old, and in mice and humans, intermittent
PTH(1–34) treatment markedly enhances mineral volume, microarchitecture and structure.75

Bone anabolic actions of PTH(1–34) have been attributed to driving progenitor cells toward
osteogenic fate and decreased apoptosis of osteoprogenitor cells.,76 Effects of PTH(1–34) on
the osteogenic commitment appear to be in part through stimulation of insulin-like growth
factor (IGF)-dependent mechanisms.77

Bioactive lipids also have adverse effects on bone anabolic agents. In vitro cell culture
studies show that bioactive phospholipids inhibit PTH(1–34) induction of immediate early
genes and bone morphogenetic protein 2 (BMP-2)–induced osteoblastic differentiation.78 In
vivo, hyperlipidemic Ldlr−/− mice have a blunted bone anabolic response to teriparatide
(PTH 1–34).79 The inhibitory mechanism appears to be through the protein kinase A (PKA)
pathway,78 as well as Wnt and/or IGF-I-dependent mechanisms.39 Reducing oxidant stress
by oral administration of an apoA-I mimetic peptide (D-4F) or overexpression of the
antioxidant enzyme, paraoxonase 1, restores bone anabolic effects of PTH(1–34) in
hyperlipidemic mice by affecting both bone formation and resorption (Figure 2B.80, 81 A
recent study in transgenic mice show that intermittent PTH(1–34)-induced promoter activity
driving green fluorescent protein expression in preosteoblasts, but not osteocytes, is blunted
by hyperlipidemia, suggesting that hyperlipidemia-induced PTH(1–34) resistance depends
on osteoblast developmental stage.61 In support of the animal studies, a recent retrospective,
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longitudinal study demonstrated that lumbar bone mineral density correlates negatively with
levels of total cholesterol and positively with levels of HDL cholesterol in patients, who
received teriparatide.82

Concluding remarks and future perspectives
Epidemiological studies suggest a link between atherosclerosis and bone loss; and growing
evidence from both tissue culture and animal studies now show that the same bioactive
lipids, lipoproteins, and phospholipids that promote atherosclerosis also adversely affect
bone. Importantly, their effects depend of the type of bone cells: they inhibit differentiation
of bone forming cells while promoting differentiation of bone resorbing cells and
upregulating expression of osteoclastogenic cytokines, such as IL-6 and RANKL, by
osteoblasts and T lymphocytes. Recent studies in mice now demonstrate that the bone
anabolic actions of teriparatide are also blunted by the same bioactive lipids, effects of
which are, in turn, attenuated by antioxidants, suggesting that blocking formation of lipid
oxidation products may be necessary for teriparatide anabolism.

Although some progress has been made, much remains to be learned. The intracellular
molecular mediators of the bioactive lipids on bone cells are not known. Although the
cellular targets, such as osteoprogenitors, osteoblasts, and osteoclasts have been investigated
in vitro, their effects in vivo and effects on other bone cells, such as osteocytes, which also
regulate bone functions by producing RANKL, prostaglandins, and sclerostin are not
known. Elucidation of the cellular targets and the molecular mediators of these bioactive
lipids may allow for preventative as well as new therapeutic options. Additional important
translational questions arise from the current data, in that osteoporotic patients, who have
hyperlipidemia, may not be receiving the full benefits of anabolic therapy. Such clinical
studies may be warranted to investigate the efficacy of PTH therapy in patients with
disorders of lipid metabolism.
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GLOSSARY

ApoA-1 mimetic
peptide

a short peptide whose sequence does not contain the exact amino
acid sequence, but is largely based on the amphipathic helical
structure of apoA-l. D-4F is one such peptide.

Apoptosis a type of cell death that is programmed and occurs during
embryogenesis and cellular injury.

Bioactive
inflammatory lipids

are lipids that have biological activity such as inducing genes that
are involved in inflammation.

Bone mineral
density (BMD)

it refers to the amount of mineral matter per square centimeter of
bones and is used in clinical practice as an indirect indicator of
osteoporosis and fracture risk.

Cholesterol-years is a unit of measure describing duration of exposure to abnormal
lipid levels.

Dyslipidemia A condition in which blood levels of total cholesterol, LDL
cholesterol, and triglycerides are elevated and/or HDL cholesterol
is reduced.
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Hyperlipidemia A condition in which blood levels of total cholesterol, LDL
cholesterol and triglycerides are elevated.

Matrix GLA
protein

is a small, secreted protein that inhibits BMP-2 and/or
mineralization. Post-translational carboxylation of gluatmate
residues is required for its optimal function, and this process
requires a cofactor, vitamin K.

Matrix vesicles are cell-derived vesicles located within the extracellular matrix.
They initiate mineralization of the matrix in a variety of tissues,
including bone, cartilage, and dentin.

Osteoblasts are cells that form bone (mineralized matrix) by producing a
matrix called osteoid that is permissive for mineralization.

Osteocalcin is a vitamin K-dependent protein secreted by cells during their
differentiation. Its function is to limit mineral maturation.

Osteoclasts are cells that resorb mineralized matrix. Osteoclastic
differentiation requires macrophage colony stimulating factor (M-
CSF) and RANKL.

Osteocytes are former osteoblasts that become buried in mineralized matrix.
Although osteocytes stop proliferating, by mechanosensation, they
are actively involved in maintenance of bone by regulating bone
formation and resorption.

Osteon also known as Haversian system is a roughly cylindrical,
fundamental, functional unit of cortical bone tissue. It consists of a
Haversian canal surrounded by osteocytes that connect to each
other via a network of small transverse canals called canaliculi.

Ox-PAPC is the biologically active phospholipid component of MM-LDL
and can be synthesized.

Paraoxonase is an enzyme with arylesterase activity and is synthesized in liver.
It associates with HDL and confers anti-oxidant properties of
HDL

Receptor activator
of nuclear factor
kappa-B ligand
(RANKL)

a member of the tumor necrosis factor (TNF) cytokine family. It is
produced by osteoblasts, osteocytes, hypertrophic chondrocytes
and T lymphocytes. It activates osteoclastic cell differentiation
and dendritic cell maturation.

Reactive oxygen
species (ROS)

are oxygen-containing, short-lived molecules that are chemically
highly reactive. Although ROS have important roles in signaling
and homeostasis, excess production causes oxidative stress to
nearby molecules such as proteins and DNA.

Reverse cholesterol
transport

is a process in which cholesterol is removed from peripheral
tissues and returned to the liver.

Teriparatide a recombinant form of parathyroid hormone and the only FDA-
approved drug for osteoporosis. Intermittent treatment with
teriparatide increases bone mineral density and reduces fractures.
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Box 1: Emerging Questions and Trends

Questions

• How do bioactive lipids act on bone cells?

• What is the receptor(s) responsible for mediating effects of bioactive lipids on
bone cells?.

• Do osteocytes play a role in hyperlipidemia-induced bone resorption? Do
bioactive inflammatory lipids have direct effects on osteocytic functions that
control bone formation and resorption?

Trends

• The effects of highly oxidized LDL are mediated by lectin-like oxLDL receptor
(LOX-1) in vascular endothelial cells,83 and T lymphocytes,69 and by CD36 in
macrophages.84 Effects of ox-PAPC are mediated by toll-like receptor 2 (TLR2)
in macrophages and in liver.50 Although expression of LOX-1 and TLR2 is
found in bone marrow derived mesenchymal cells85 and osteoblasts,86 the
receptor mediating actions of bioactive lipids in bone cells remains to be
investigated.

• Growing evidence indicates that osteocytes regulate bone resorption during
bone remodeling in skeletally mature adults.72 Osteocytic cells secrete RANKL
in response to inflammatory cytokines87 and osteocyte-induced bone resorption
may occur in hyperlipidemic conditions. Lipid accumulation is found juxtaposed
to osteons.51–53 Serum bone resorption markers are induced in mice fed an
atherogenic diet.39 Pretreatment of hyperlipidemic mice with apoA-I mimetic
peptide, D-4F, prior to intermittent PTH(1–34) treatment, attenuates serum bone
resorption markers.88 Mice overexpressing paraoxonase 1 had decreased
numbers of osteoclasts in their endocortical envelopes.80
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HIGHLIGHTS

• A link between atherosclerotic vascular disease and bone loss is discussed

• Lipids/lipoproteins have direct effects on the differentiation of osteoblasts and
osteoclasts

• Lipids/lipoproteins blunt the bone anabolic effects of PTH (1–34)

• Oxidant stress plays a role in hyperlipidemic bone disease
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Figure 1. Schematic comparing the anatomic structure of an artery and bone osteon
Both the artery and osteon are centered on a blood lumen, which is surrounded by a single
layer of endothelium. This, in turn, is surrounded by a basement membrane housing
immature mesenchymal cells. In arteries, the immature cells are pericytes and/or smooth
muscle cells, whereas, in bone, they are pericytes and/or preosteoblasts in the bone.
(Modified from Parhami et al., Arteriosclerosis, Thrombosis, and Vascular Biology, 1997;
17:680–687).
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Figure 2. Schematic of putative actions of bioactive lipids
(A) The putative actions of bioactive lipids on bone growth, as shown. These include
generation of oxidant stress and inhibition of osteoblastic differentiation that leads to
decreased bone formation, and promotion of osteoclastic differentiation which in turn leads
to increased bone resorption, ultimately resulting in bone loss. (B) Bioactive lipids may also
affect the anabolic effects of intermittent parathyroid hormone treatment [PTH(1–34),
teriparatide], including generation of bioactive lipids, which may be blocked by
apolipoprotein peptide mimetics and/ or antioxidant enzymes.
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