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Lipid metabolism within the bone micro-

environment is closely associated with
bone metabolism in physiological and
pathophysiological stages
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Abstract

Recent advances in society have resulted in the emergence of both hyperlipidemia and obesity as life-threatening
conditions in people with implications for various types of diseases, such as cardiovascular diseases and cancer. This
is further complicated by a global rise in the aging population, especially menopausal women, who mostly suffer
from overweight and bone loss simultaneously. Interestingly, clinical observations in these women suggest that
osteoarthritis may be linked to a higher body mass index (BMI), which has led many to believe that there may be
some degree of bone dysfunction associated with conditions such as obesity. It is also common practice in many
outpatient settings to encourage patients to control their BMI and lose weight in an attempt to mitigate
mechanical stress and thus reduce bone pain and joint dysfunction. Together, studies show that bone is not only a
mechanical organ but also a critical component of metabolism, and various endocrine functions, such as calcium
metabolism. Numerous studies have demonstrated a relationship between metabolic dysfunction in bone and
abnormal lipid metabolism. Previous studies have also regarded obesity as a metabolic disorder. However, the
relationship between lipid metabolism and bone metabolism has not been fully elucidated. In this narrative review,
the data describing the close relationship between bone and lipid metabolism was summarized and the impact on
both the normal physiology and pathophysiology of these tissues was discussed at both the molecular and cellular

levels.
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Introduction

Both cholesterol and lipid metabolites are widely distrib-
uted throughout the human body and play a vital role in
several metabolic pathways. Cholesterol, which is pri-
marily produced in the liver, is commonly found
throughout the human body. Cholesterol synthesis is a
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tightly regulated process facilitated by several key en-
zymes, including  3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) reductase, which is a key target for the
regulation of these pathways. There has been a recent
increase in the number of studies designed to evaluate
the relationship between lipids and bone metabolism [1,
2]. This is likely because changes in both lipid and chol-
esterol metabolism can result in significant disruptions
in the bone microenvironment. Previous studies have
shown that individuals with increased body mass are
more likely to experience bone fractures, which can be
partly explained by the effects of gravity, leaving a large
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question about the impact of metabolic disorders on
bone strength. It is likely that disruptions in lipid metab-
olism may result in changes in normal bone homeostasis
and an increase in osteopathies, such as osteoarthritis
and fractures.

Intercellular crosstalk during bone metabolism
Bone is usually found in a single constant state, with a
normalized structure and function. The interrelationship
between osteoblasts and osteoclasts contributes to a
clear coupling between bone absorption and remodeling,
allowing for a balance between bone loss and regener-
ation. There are several ways in which osteoblasts come
into contact with osteoclasts, including cell-cell surface
interplay, cytokine or paracrine signaling, and extracellu-
lar matrix contact. Studies have shown that osteoblasts
and osteoclasts interact with each other through a var-
iety of signaling pathways [3, 4].

Cell-cell communication between osteoclasts and oste-
oblasts during bone remodeling can be divided into four
states: Initially, osteoclasts recognize the injury site and
the resultant calcium concentrate and then undergo cell
fusion, polarization, and shape change, producing a clear
zone around the injury site, which is then bordered by a
subset of osteoclasts that bind tightly to the bone surface
in order to seal the area from unwanted interactions.
This process is referred to as the activation state. This
coincides with the establishment of the ruffled border,
which is designed to produce hydrogen cations (H") and
enzymes needed to resolve the bone matrix. The second
phase is the absorption state, in which several enzymes
are released into the microenvironment, including ca-
thepsin K and matrix metalloproteinases (MMPs). This
leads to the transverse state, where the hematopoietic
stem cells (HSCs) differentiate into osteoblasts, inducing
the production of various cytokines from osteoclasts, in-
cluding insulin like growth factor (IGF-1) and trans-
forming growth factor (TGF-B), to produce critical
chemotactic gradients used to recruit osteoblasts to the
bone remodeling site. Osteoclasts also produce osteo-
protegerin (OPG), inhibiting receptor activator of NF-kB
(RANK) function, facilitating proper metabolic balance
[5], and acting as a stop signal for bone absorption. The
transverse state plays a key role in many bone diseases.
This is facilitated by osteoclasts continuing the break-
down of the bone matrix and facilitating bone absorp-
tion when the transition state fails. The bone debris
produced during absorption affects this state. For ex-
ample, the denatured matrix induces T cell-mediated re-
ceptor activator of NF-kB ligand (RANKL) production
via dendritic cell activation, which continues bone de-
struction and supports osteoclast survival. The last stage
in bone remodeling is to produce new bone at the injury
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site. Here, the osteoblasts participate in matrix indispos-
ition and osteocyte mineralization.

Studies have shown that osteoblasts form gap junc-
tions with osteoclasts, facilitating ion transactions [6].
These gap junctions are facilitated by EphB4 on osteo-
blasts and Ephrin2 on osteoclasts and enables the
osteoblast-osteoclast balance in these environments. Os-
teoblasts may regulate osteoclast differentiation by creat-
ing a cell niche [7].

On the molecular level, macrophage colony-
stimulating factor (M-CSF), which is essential for osteo-
clast differentiation, is commonly produced by osteo-
blasts [8] and secrete lysophosphatidic acid (LPA), which
negatively affects osteoclast development [9]. Under in-
flammatory conditions, osteoblasts are stimulated to
produce Monocyte chemoattractant protein-1 (MCP-1)
to recur preosteoclasts and cope with M-CSF to mature
osteoclasts. The OPG/RANK/RANKL balance also facili-
tates communication between these cells [10] as osteo-
blasts secrete soluble RANKL when activated by vitamin
D; or the parathyroid hormone (PTH), which in turn in-
duces osteoclast activity. However, these cells also pro-
duce OPG, which inhibits the activity and proliferation
of osteoclasts [10]. Additionally, RANKL derived from
osteocytes in mineralized bone matrices makes sense in
bone destruction [11]. Membrane-bound RANKL, a
member of the tumor necrosis factor (TNF) superfamily
[12], facilitates cell-cell communication between osteo-
blasts and osteoclasts. RANK is often found on the
membrane of osteoclasts. Following osteoclast-mediated
bone absorption, debris from the bone matrix interacts
with dendritic cells, which in turn induces CD4"naive T
cells to produce RANKL and display this on their cell
surface, while adipose cells produce OPG, which coun-
terbalances RANKL expression changes. In addition,
when the bone experiences inflammation, the collar os-
teoblasts up-regulate MCP-1, which makes it easier for
osteoclasts to recognize and attach to each other [13].
Osteoclast-derived sclerostin and semaphorin 4D not
only inhibited osteoblast differentiation but also down-
regulated osteoblast production of RANKL.

At the cellular signaling level, interactions between os-
teoblasts and osteoclasts activate the RANK-RANKL sig-
naling pathway, which regulates the production of TNEF-
receptor associated factor 6 (TRAF6), and the activation
of classic NF-kB signaling, mitogen-activated protein
kinase (MAPK), and c-fos, which are all linked to the
regulation of bone absorption and the production of
MMPs, tartrate resistant acid phosphatase (TRAP), and
cathepsin K [14]. Furthermore, the nuclear receptor and
transcription factor, peroxisome proliferators-activated
receptor (PPAR-y), is likely to participate in OB-OC in-
teractions, making it a critical target for therapeutic
intervention (Fig. 1).
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Fig. 1 The activation and function of several cell types in a low fat diet (LFD) and high fat diet (HFD micro-environment. In a LFD and low
cholesterol micro-environment, MSCs were prone to differentiate into osteoblasts with low pre-osteoclast formation and molecular and cellar
signal and a high osteoblastic signal. In this state, due to low adipose derived cytokines, osteoblasts and osteoclasts were toned well with several
cells taken part in, such as collar cell and B cells. However, in a high fatty diet, MSCs in the cell niche were exposed to a high fatty signal, making
them more likely to differentiate to adipocytes. Adipocytes then become another vital source of RANKL, a molecule that is necessary for
osteoclasts formation and function. Simultaneously, HFD and high cholesterol makes it more likely for the collar osteoblasts to undergo
ferroptosis. The denatured matrix is prone to attract dendritic cells, whose activation could produce RANKL for osteoclasts in the pathology state.
While RANK is activated, several pathways are involved to activate NFATc1 to fulfill bone absorption

However, more studies are focusing on adipose cell-  high fatty acid and cholesterol levels increase the pos-
derived cell factors in osteoblast-osteoclast communi-  sibility of oxidation of unsaturated fats, which are
cation. Leptin induces the differentiation of MSCs more likely to become the target of reactive oxygen
into osteoblasts, while inhibiting their differentiation substrate (ROS) or poly unsaturated fatty acid radicals
into adipose cells. In addition, studies have shown (PUFA-OO). High fat environments also produce
that several molecules are involved in the osteoblast- more ‘fatty factors’ which in turn produce a more in-
osteoclast crosstalk in this stage, such as apolipopro- flammatory phenotype resulting in the reversion of
tein E (APOE) and adipokines [15, 16]. However, lep-  bone cells to preosteoclasts stage leading to changes
tin may experience positional specificity in weight- in differentiation, maturation and survival. Simultan-
bearing and non-weight-bearing bones. High lipid and  eously, these factors result in the dysfunction of the
cholesterol concentrations also increase bone cell ex- osteoblastic differentiation of MSCs and induce in-
posure to the inflammatory microenvironment: First, creased adipogenic activity.
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The role of cholesterol and the lipid metabolism
in bone micro-environment

Bone remodeling requires a steady balance between
bone formation and destruction throughout life. The
counterbalance between osteoblasts and osteoclasts plays
a vital role in regulating the cell cycle. Studies have
shown that lipids and cholesterol will make sense in
their communication at each stage.

Cross talk between osteoblasts and cholesterol contribute
to bone homeostasis

Bone homeostasis depends on several different cells and
factors, with osteocytes, osteoblasts, and osteoclasts be-
ing the most important. Osteoclasts are derived from
hematopoietic stem cells and share a common precursor
with macrophages. Osteoblasts are differentiated from
mesenchymal stem cells (MSCs), which also possess the
ability to differentiate into adipose and chondrogenic
cells. These cells also participate in fibrocyte, chondro-
cyte, and myoblast production, but the primary differen-
tiation balance is centered around adipose cells and
osteoblasts [17]. Despite the self-renewal capacity of
these stem cells, when MSC differentiation favors one
cell type over another there is less of the other cell type,
i.e. the more adipose cells produced in a system the
fewer osteoblasts there will be. This is because adipo-
genic factors, such as PPAR-y, exert a strong inhibitory
effect on the production of osteogenic signals [18].
Other adipogenic molecules, including adiponectin or
charerin, also contribute to the differentiation balance
[19]. These forces counteract each other under normal
physiological conditions and maintain cellular balance.
In addition, extracellular factors from adipose cells can
affect osteoblastsogenic, such as leptin [20], but the con-
crete significance of leptin remains to be understood
[21, 22].

Recent studies have revealed a relationship between
osteoblasts and cholesterol metabolism. Notch, a key
biomarker for osteoblasts, contributes to many of the
signaling interactions required for osteoblast differenti-
ation, formation, and function [23, 24]. The Hey family,
including Heyl, Hey2, and HeyL, are Notch targets that
function as support during bone absorption. Recent
studies have revealed that lipid metabolism can alter
mid-gut stem cell differentiation via Notch signaling in
Drosophila, demonstrating a relationship between
Notch, gastrointestinal development, and cholesterol
[25]. The stability of the Notch protein outside the cell
membrane is regulated via lipid control, especially chol-
esterol [26]. Wnt-Pcatenin is also likely to participate in
the relationship between osteoblasts and cholesterol
[27]. Recent evidence has shown that cholesterol modu-
lates Xenopus development via the Wnt—f-catenin path-
way, while Wnt-fcatenin plays important role in
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embryonic skeletal development and regulating articular
cartilage, synovium, and osteoblasts in adults [28]. The
proper orchestration of both these signaling pathways
with lipids and cholesterol is critical for bone
production.

Changes in osteoclasts in response to metabolic
dysfunction

When collagen is denatured, for instance in rheumatoid
arthritis (RA) [29], MSCs are more likely to differentiate
into adipose cells. Postmenopausal women are more
likely to experience osteoporosis because of changes in
the bone marrow MSC (mMSC) differentiation balance,
which tips towards adipose cells and away from osteo-
blast differentiation following these hormonal changes
[30]. The mMSCs of these women exert a reduced pro-
tective effect against bone loss and they are more likely
to experience bone fractures resulting from the in-
creased number of adipose cells inside the bone matrix.

Cholesterol interacts with osteoclasts in various ways,
including its dysregulation of osteoclast differentiation at
high concentrations. This is likely due to the increase in
cholesterol content within the bone marrow that reduces
MSC differentiation into osteoblasts by increasing adipo-
genic signaling, which overwhelms osteogenic signalling
[31]. While more osteoclasts are activated, there is less
marrow space [31], enabling cholesterol to fill the space
and activate even more osteoclasts. Simultaneously, high
cholesterol is essential for osteoclast survival [32-34].
For example, these osteoclasts undergo polarization, and
cholesterol and fatty acids make their cell membranes
more flexible [33]. When the cholesterol inside the oste-
oclasts is reduced or depleted, it will induce osteoclast
apoptosis [35]. In addition, adipose cell-derived factors
are essential for osteoclast development and maturation.
Adipose cells may act as an additional source of RANKL
[36-38], activating osteoclasts and tipping the metabolic
balance in the osteocyte niche.

Studies predict that, like most monocytes, macro-
phages express a scavenger receptor that collects lipo-
proteins, similar to those in osteoclasts. Osteoclasts are
also differentiated from monocytes, so it is easy to
understand why they have the ability to absorb choles-
terol. In other rat models, a high cholesterol diet (HCD)
reduced the density of alveolar bones and the number of
tartrate-resistant acid phosphatase (TRAP)-positive oste-
oclasts increased significantly [39]. This bone destruc-
tion can be ameliorated by adding vitamin C and
provides strong evidence that oxidative stress is induced
by HCD, which can be sensed by osteoclasts [40]. Chol-
esterol acts as the primary source of the ROS. Recent
studies have shown that iron-induced lipid peroxide may
cause membrane lipid dysfunction and induce the pro-
duction of poly-unsaturated fatty acid peroxide
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substrates and cell death (ferroptosis) [41, 42]. Ferrous
elements promote ROS production via Fenton reactions
with hydrogen peroxide. ROS thereafter attacks the cell
membrane and induces cell lysis and death. This is exac-
erbated by aging, where bone mass declines and lipid
and cholesterol concentrations increase, especially in
postmenopausal women [43]. When the bone marrow is
saturated with lipids and cholesterol, it is more likely to
experience an increase in ferroptosis. At the same time,
stem cells in this niche will experience increased ROS
stress, further reducing their capacity to migrate and re-
pair the niche or regulate bone remodeling. This results
in failure to differentiate into osteoblasts, widening cell
type imbalance, and pushing the aberrant differentiation
of these cells. Moreover, Oxidation oxidized low density
lipoprotein (ox-LDL) increases under these conditions
and has further implications [44]. In summary, these re-
sults suggest that with cholesterol and unsaturated fatty
acids filling the bone marrow, there is a sharp increase
in ROS production following the destruction of the
phospholipid bilayer. This affects bone remodeling by
enhancing osteoclast function while inhibiting osteoblast
and MSC repair. Recent studies have shown that (co-en-
zyme Q reduction state) CoQH, and ferroptosis sup-
pressing protein (FSP1) function as effective inhibitors of
ferroptosis in tumor models. FSP1 seems to bond the
lipid membrane structure, especially the cell membrane
and mitochondrial membrane; however, the effects of
inhibiting ferroptosis in the bone structure remain un-
clear [45]. This might be the next hot issue to discuss.
Interestingly, CoQs are associated with the mevalonic
acid (MVA) pathway, which is essential for cholesterol
production. This means that cholesterol metabolism and
its linked metabolic pathways probably play a double-
edged role in bone homeostasis; simultaneously inducing
bone destruction whilst having a protective role. Fur-
thermore, low density lipoprotein (LDL) influences
osteoclast function. High fat diet (HFD) induced increase
in LDL make it more difficult to overcome osteoclast
signaling during the transverse state [32, 46, 47]. How-
ever, studies have shown that there is a more complex
interaction in these cells, dependent on both LDL and
ox-LDL. High LDL levels inhibit the number of osteo-
clasts, which results in a co-stimulatory effect on the in-
flammatory pathways associated with joint disease. In
contrast, ox-LDL inhibits osteoclast function and differ-
entiation [48, 49].

The relationship between cholesterol metabolism
and bone diseases

Cholesterol metabolism and osteoporosis (OP)

OP is a systemic bone disease characterized by decreased
bone mass and deterioration of the bone tissue micro-
structure, resulting in increased bone brittleness and
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fracture [50]. OPs are generally divided into two types.
The first is primary or age-related OP, which has no ob-
vious cause, and its incidence is higher in women than
in men, especially in older people. OP is particularly
prevalent in postmenopausal women due to bone loss
associated with decreased estrogen levels, demonstrating
a clear disposition toward increased fractures. Secondary
OP refers to bone loss caused by other diseases, which
affects both men and women and can be associated with
a variety of metabolic diseases, including rheumatoid
arthritis, hyperparathyroidism, Cushing’s disease, and
chronic kidney disease. Secondary OP can also be in-
duced by certain drugs such as anti-epileptic drugs, glu-
cocorticoids, and lithium, as well as eating disorders,
cancer, and organ transplants.

As an increasing number of studies have focused on
these relationships, the link between cholesterol metab-
olism and OP during lipid metabolism has become
clearer. Cholesterol metabolism plays an important role
in various types of OP. Previous studies have shown that
hypercholesterolemia is closely related to osteoporosis,
and there is a negative correlation between bone mass
and total cholesterol (TC) levels in postmenopausal
women [51]. An OP mouse model demonstrated that
glucocorticoid stimulation resulted in adipocyte aggrega-
tion, increased cholesterol levels, and decreased bone
mineral density (BMD) [52]. This experimental evidence
suggests that changes in serum cholesterol levels and
their related lipoproteins damage the intrinsic balance in
bone metabolism, resulting in bone loss. Given this, it is
unsurprising that a large number of recent studies have
focused on the underlying mechanisms of these interac-
tions. These results have revealed that cholesterol-
mediated changes in bone metabolism are linked to one
of two aspects: its effects on bone homeostasis. High
cholesterol diets significantly decrease bone mineral
density and the serum concentration of osteogenic
markers, while increasing the level of bone resorption
markers in these samples [53]. Additionally, other stud-
ies have shown that HCD inhibit the proliferation and
differentiation of mouse osteoblast MC3T3-E cells in a
dose-dependent manner [53]. After cholesterol treat-
ment, the expression of osteogenic genes such as alka-
line phosphatase (ALP, ALPL), collagen type 1
(COL2A1), bone morphogenetic protein (BMP2), and
dwarf related transcription factor 2 (Runx2) decreased,
and the normal expression of these genes is an import-
ant factor in the osteogenic process. This suggests that
free cholesterol might block the expression of Runx2,
ALPL, and Collal in osteoblasts by inhibiting BMP2,
thereby inhibiting the differentiation of these osteoblasts.
In addition, gene map analysis showed that high-
cholesterol diets may inhibit TGF-B /BMP2/Wnt signal-
ing [53]. TGF-p / BMP2 signaling is of critical
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importance for bone production in mammals, while
Wnt signaling is responsible for almost all osteoblast
functions [54, 55]. Both the bone content and density of
the femur in mice fed a high cholesterol diet were sig-
nificantly lower than those in mice fed a simple diet
[56]. In addition to its effect on osteogenesis, cholesterol
plays an important role in the process of bone fracture.
Pelton et al. found that the number of osteoclasts in the
hypercholesterolemia group significantly increased when
compared to the control group, resulting in a decrease
in bone mineral density, bone volume fraction, and the
number of bone trabeculae, and an increase in trabecular
spacing, and the concentration of circulating osteoclast
markers, namely type I collagen pyridinoline cross-
linked fragments [57]. A high-cholesterol diet increased
the number of tartrate-resistant acid phosphatase
(TRAP+)-resistant osteoclasts, resulting in a decrease in
alveolar bone mineral density. These changes were par-
tially restored following treatment with vitamin C [58].
Vitamin C acts as a reducer, reducing oxidative damage,
which in turn promotes osteoblast differentiation and in-
creases type I collagen production. This suggests that
anti-oxidative stress drugs may help to resist osteoclast
activation in response to hypercholesterolemia and pro-
tect the bone [59]. LDL is also an important carrier of
serum cholesterol, and has been shown to promote
osteoclast production, because osteoclasts have only a
very low expression level of HMG-CoA reductase, a key
enzyme in cholesterol [60], and its expression level is
not upregulated when cholesterol is depleted on the cell
membrane [60]. This means that exogenous cholesterol
is more important for osteoclasts, highlighting the im-
portance of cholesterol carrier LDL. LDL activates osteo-
clasts and promotes bone destruction by efficiently
delivering cholesterol to these cells. This is further vali-
dated by the fact that low-density lipoprotein receptor-
negative (LDLR-) mice experienced an increase in bone
mass [34], a decrease in bone resorption, and reduced
osteoclast number, size, and lifespan. These animals also
exhibited more spontaneous apoptosis and delayed
osteoclast differentiation, with fewer nuclei. However,
there was no significant change in bone production, in-
dicating that exogenous LDL plays an important role in
osteoclast formation, while LDLR deficiency inhibits
osteoclast formation and fusion [61]. In contrast, disor-
ders in cholesterol metabolism have a negative regula-
tory effect on bone microcirculation, which is closely
related to the development of OP. Disturbances in chol-
esterol metabolism may lead to dysfunction of the
intraosseous vascular endothelial cells, decreased nitric
oxide secretion, and increased endothelin production,
increasing the risk of thrombosis [62]. High doses of
corticosteroids promote cholesterol synthesis, increasing
the risk of fat deposition, liver steatosis, and fat
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embolism [63]. At the same time, cholesterol metabol-
ism dysfunction promotes the development of adipo-
cytes in the medullary cavity, which increases the
average diameter of adipocytes in the bone marrow by
10 um [64], which increases medullary cavity pressure
and affects perfusion by activating the blood coagulation
pathway [65, 66]. Increases in circulating cholesterol
levels lead to lipid accumulation in the bone marrow,
and the development of accompanying fat emboli, which
can result in subchondral vascular occlusion, reductions
in cartilage and bone blood perfusion, and increases in
the occurrence and development of OP. Several studies,
such as those by Broulik and Tang [67, 68], have con-
firmed that cholesterol metabolism disorders can have a
negative effect on bone status. If this is true, one must
ask if the reduction of cholesterol can protect the bones.
The answer is not that simple. Cholesterol is a necessary
component of animal cell membranes, and a number of
experiments have confirmed that the effects of choles-
terol on bone tissues is not simply “good” or “bad.”
Pharhami et al. [69] proved that osteogenic differenti-
ation of MSCs requires a baseline level of cholesterol
synthesis, and that the osteogenic differentiation capacity
of MSCs was severely impaired when there was insuffi-
cient cholesterol available. In addition, increases in tri-
glyceride (TG), low-density lipoprotein cholesterol
(LDL-C), and apolipoprotein B (ApoB) levels and de-
creases in high-density lipoprotein cholesterol (HDL-C)
and apolipoprotein A (ApoA) are beneficial to bone me-
tabolism. This conclusion is less widely accepted in stud-
ies by Samelson EJ [70] and Tank et al. [71]. Li et al.
[72] confirmed the effect of cholesterol on bone, espe-
cially its effects on the osteogenic process, and showed
that these outcomes are closely associated with the
source of cholesterol. Exogenous cholesterol inhibits
osteoblast differentiation, while physiological levels of
endogenous cholesterol are necessary for osteogenic dif-
ferentiation of bone marrow stem cells. This is consist-
ent with the conclusions of Pharhami [69]. Further
studies confirmed that under the condition of maintain-
ing the normal expression of Runx2, Collal, and osteo-
calcin (Bgalp), targeted inhibition of cholesterol
biosynthesis pathway, alkaline phosphatase (ALP) activ-
ity expression, and osteoblast mineralization decreased
synchronously, suggesting that endogenous cholesterol is
necessary for osteogenic differentiation [69]. These re-
sults show that cholesterol not only damages the bone,
but normal physiological levels of cholesterol are critical
for the maintenance of normal bone metabolism. Yama-
guchi et al. [73] investigated the correlation between
blood lipid levels and BMD in postmenopausal Japanese
women and analyzed the relationship between serum
LDL-C levels and spinal fractures. They found that
serum LDL-C levels were negatively correlated with
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BMD. Low high-density lipoprotein (HDL) levels were
also found to be associated with an increased risk of
fracture. Other experiments have also confirmed that pa-
tients with postmenopausal osteoporosis have higher
levels of serum LDL and TC [74]. In addition, estrogen
supplementation can treat postmenopausal osteoporosis
by reducing the levels of TC and LDL-C [51, 75]. An-
other group of observational experiments concluded that
changes in the serum cholesterol indicators were not
unique to postmenopausal women, but could also be
identified in women of any age when they developed
osteoporosis. Broulik et al. matched 241 Czech women
with osteoporosis to 98 women of similar age and found
that osteoporotic women with spinal fractures had sig-
nificantly higher cholesterol levels than their peers [67].
In addition, patients with type 2 diabetes mellitus
(T2DM) and OP presented with elevated levels of TC,
TG, and LDL-C when compared to those without OP,
while the level of HDL-C was significantly lower than
that in patients without OP [76]. A study by Sivas et al.
[77] showed that TC levels were the largest factor affect-
ing the risk of persistent spinal fracture, with each in-
crease of 1mg/dL in TC level, reducing the risk of
vertebral fractures by 2.2% (paired 0.009). Other studies,
such as those completed by Dennison et al. [78], have
shown that fasting HDL-C levels in women are associ-
ated with changes in lumbar bone mineral density.
There was a negative correlation between the HDL-C/
LDL-C ratio and total bone mineral density in the fe-
murs of both male and female participants. In addition,
the total bone mineral density of the spine was nega-
tively correlated with the level of ApoA but positively
correlated with the level of ApoB [78].

Statins are primarily used to treat hypercholesterol-
emia, as they can reduce serum cholesterol by competi-
tively inhibiting HMG-CoA reductase, a key rate-
limiting enzyme in the cholesterol biosynthesis pathway
[79]. A number of clinical and animal experiments have
shown that statins can promote bone production, inhibit
osteolytic metastasis, reduce the risk of fracture, and
play a significant role in bone protection [71, 80-82].
This effect is closely related to drug concentration [83].
The osteoprotective effects were initially discovered by
accident when identified in murine screens for BMP2
enhancers [84]. Mundy et al. [84] injected lovastatin and
simvastatin into the skulls of mice and found that these
injections resulted in significant bone mass increases in
the skulls of these mice, suggesting that they can pro-
mote osteogenesis. Statins can be divided into two
groups: relatively fat-soluble (such as atorvastatin) and
relatively water-soluble (such as rosuvastatin) statins, de-
pending on their polarity. This difference in inherent po-
larity may lead to variances in the availability of statins
in different bones and individuals. Experiments have
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confirmed that only relatively fat-soluble statins enhance
the expression of BMP2 and promote the osteogenic
process [85]. This enhancement effect can be abolished
by the addition of mevalonate, a downstream metabolite
of HMG-CoA reductase, which confirms that the en-
hancement effect of these statins is facilitated by the in-
hibition of HMG-CoA reductase [86]. In vitro studies
have also shown that statins promote osteoblast differen-
tiation by stimulating the expression of BMP2, vascular
endothelial growth factor (VEGEF), Bgalp, bone sialopro-
tein (BSP), and promoting mineralization [87, 88]. Sta-
tins can also inhibit osteoclast production by
downregulating the expression of RANKL and upregu-
lating the expression of osteoprotegerin (OPG) [89].
These data suggest that the pharmacological effects of
statins may not only be limited to lipid reduction, but
may also be applied in bone protective applications and
interventions. However, the use of statins should also be
carefully evaluated, given their known side effects. To
summarize, these studies provide a broadening under-
standing of OP and highlight the potential for novel
therapeutic interventions in the near future.

Cholesterol metabolism & bone neoplasms

Common malignant bone tumors include osteosarcoma,
Ewing’s sarcoma, and chondrosarcoma. Giant cell tu-
mors of the bone (giant cell tumors, GCTs) are an inter-
mediate tumor with the possibility of malignant
transformation. The incidence of primary bone tumors
is low, but the degree of malignancy is high, and they ex-
perience high rates of recurrence and metastasis, which
has a serious impact on the motor function of patients.
At present, the specific pathogenesis of bone tumors is
unclear, but it has been established that there are many
factors affecting their occurrence, proliferation, migra-
tion, and prognosis. Although there is no direct experi-
mental evidence to confirm the specific effect of
cholesterol metabolism on bone tumors, a number of
pathways related to bone tumor development have been
shown to be regulated by cholesterol. Therefore, these
studies suggest that there may be a direct relationship
between cholesterol metabolism and the development
and pathology of primary bone tumors, which may pro-
vide a new therapeutic avenue for clinical intervention.

Osteosarcoma

Osteosarcoma is a genetically heterogeneous malignant
tumor that is common in children and adolescents. It is
characterized by rapid growth and early metastasis [90].
At present, the pathogenesis of osteosarcoma is not
clear, and the heterogeneity of osteosarcoma makes it
impossible to target; treatment relies on resection and
chemotherapy [91] with poor results. Therefore, the
interaction between different osteosarcoma cells and the
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supporting matrix may provide new insights for develop-
ing novel therapies. The increase in serum cholesterol
and the level of various pro-inflammatory factors (such
as TNF-a) lead to an increase in many kinds of inflam-
matory factors. These inflammatory reactions are in-
volved in bone destruction and exist in a variety of
metabolic disorders, including T2DM [76]. Some experi-
ments have confirmed that extracellular vesicles (EVs)
secreted by malignant osteosarcoma cells are selectively
integrated into the membrane-related forms of TGE-.
TGF-B can induce MSCs to produce inflammatory
Interleukin-6 (IL-6), and IL-6 is known to increase
cancer-promoting functions in MSCs. This is often ac-
companied by the activation of signal transducer and ac-
tivator of transcription (STAT3) in tumors and the
formation of lung metastases. Intravenous administra-
tion of the IL-6 receptor antibody, tocilizumab, eradi-
cated the cancer-promoting effect of MSCs in the
experimental group [92]. This suggests that hypercholes-
terolemia may also promote the occurrence and devel-
opment of osteosarcoma by activating various
inflammatory factors. However, because high cholesterol
can also inhibit the TGF-p / Wnt pathway [54, 55],
which is essential for normal osteogenesis, it may indi-
cate that patients with hyperlipidemia may have a higher
or lower risk of osteosarcoma, but both conjectures lack
the support of experimental results and clinical statistics
at this stage; therefore, new studies are urgently needed.

Chondrosarcoma

Chondrosarcoma is a malignant tumor that occurs in
chondrocytes and usually affects young and middle-aged
people. Chondrosarcoma is divided into primary and
secondary chondrosarcomas. Secondary chondrosarcoma
refers to the malignant transformation of benign cartil-
age lesions, such as endophytic chondroma and osteo-
chondroma. Chondrosarcoma is a common malignant
bone tumor and the second most common bone malig-
nancy after osteosarcoma, accounting for 10-15% of all
malignant bone tumors [93]. However, in malignant tu-
mors of the pelvis, the incidence increases to more than
20%. In the new classification of bone tumors produced
in 2013, chondrosarcomas are classified into grades I-III
according to their degree of malignancy and cellular dif-
ferentiation [94]. Chondrosarcoma is not sensitive to
radiotherapy or chemotherapy and the main treatment
for these cancers remains surgical resection. At present,
surgical interventions for low-grade chondrosarcomas
remain controversial, as some scholars think that it
should be removed as a whole, while others think that
intracapsular curettage combined with liquid nitrogen
and electrocautery is sufficient [95]. No specific molecu-
lar mechanism has been described for chondrosarcoma
and there is currently no adequate targeted therapy.
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Recent studies have shown that the BMP pathway is
hyper-activated in chondrosarcoma, and the degree of
activation is related to tumor grade. This activation re-
sults in increased osteogenesis and the degree of malig-
nancy [96]. Therefore, inhibiting this pathway has
become a potential therapeutic avenue [76]; thus block-
ing the expression of Runx2, ALPL, and COL2A1, may
reduce the malignant progression of these tumors, sug-
gesting that high-cholesterol diets or other similar
methods may be one way to improve the physiological
synthesis of cholesterol during chemotherapy and surgi-
cal interventions in these patients to improve their
prognosis.

Ewing’s sarcoma

Ewing’s sarcoma (ES) is the third most common malig-
nant bone tumor, and was first reported by James Ewing
in 1921. It usually occurs in adolescents and children
[97], and lesions are mostly found at the end of long
bones and soft tissues. Ewing’s sarcoma is highly malig-
nant and prone to metastasis, and recent advances in
treatment have resulted in significant improvements in
therapeutic success [98, 99]. However, the prognosis of
patients with metastasis, local resection, and recurrence
remains poor. Therefore, a more optimized treatment is
needed. In-depth studies have found that the insulin-like
growth factor-1 (IGF-1) / IGF-1 receptor (IGF-1R) sys-
tem plays an important role in the occurrence and de-
velopment of Ewing’s sarcoma [100, 101]. When the
ligand binds to the outer subunit of IGF-1R, the con-
formation of the transmembrane [ subunit changes,
which leads to autophosphorylation of cytoplasmic tyro-
sine kinase. IGF-1R then phosphorylates cellular sub-
strates, including insulin receptor substrates 1-4.
Subsequent activation includes multiple signaling path-
ways such as the mitogen-activated protein kinase
(MAPK), extracellular signal-regulated kinase (ERK), and
phosphatidylinositol 3-kinase (PI3-K) / protein kinaseB
(PKB)pathway. These pathways promote tumor cell re-
sistance and reduce apoptosis while increasing transcrip-
tion, metabolism, proliferation, and growth. Therefore,
inhibiting the abnormal activation of IGF-1R may be a
critical therapeutic intervention for these tumors and
may provide new therapeutic ideas for the treatment of
advanced patients. However, at present, this treatment
induces drug resistance and exhibits high rates of recur-
rence [102, 103]. Cholesterol metabolism is closely re-
lated to IGF-1R expression. Mevalonate and its
downstream products, the intermediate products of the
cholesterol biosynthesis pathway, induce the expression
of IGF-1/IGE-1R, which can significantly improve the
anti-apoptosis capacity of tumor cells [104]. Therefore,
patients with hypercholesterolemia may have a higher
risk of ES and increased difficulty in treatment. Statins
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can significantly reduce the levels of serum cholesterol,
thus reducing the expression of mevalonate and redu-
cing the isoprenylation of various proteins related to cell
movement [105]. Therefore, statins seem to be a reason-
able treatment option and may inhibit the proliferation
of these cancers. For example, simvastatin can inhibit
the proliferation of colon and prostate cancer cells by re-
ducing the expression of IGF-1R, inhibiting IGF-1-
induced ERK/Akt activation, and selectively and persist-
ently activate pro-apoptotic ERK signaling to induce
apoptosis. The apoptosis-inducing effects of simvastatin
could be completely avoided by mevalonate pretreat-
ment and partially reversed by PD98059. Although the
therapeutic effect of statins on Ewing’s sarcoma has not
been reported in the literature, its potential in treating
Ewing’s sarcoma should not be overlooked.

Giant cell bone tumors (GCT)

Giant cell bone tumors were first reported by Jaffe in
1940. This is a common primary bone tumor often ob-
served in clinical practice and is usually identified in 20—
50 year olds. These tumors are more common in female
patients and most primary lesions are located in the
epiphysis. The source of GCT is unclear, and some
scholars speculate that it may originate from bone marrow
mesenchymal tissue. GCT cells have strong invasive prop-
erties despite the fact that they are intermediate tumors
and exert significant dissolution and destruction of the
bone niche. Relatively few of them react to new bone pro-
duction or self-healing, and some pass through the bone
cortex to form soft tissue masses. At present, surgical
treatment remains the first-line intervention for GCT, and
focused curettage is the primary surgical method. The
over-expression of RANKL is its characteristic pathogen-
esis, which leads to the activation of osteoclasts, explaining
its high osteolytic activity. Therefore, for lesions with diffi-
cult curettage or high risks of postoperative recurrence, it
is recommended that tumor edge resection is augmented
by adding RANKL inhibitors to reduce the activation and
development of osteoclasts and increase bone mineral
density. Hypercholesterolemia activates the RANK/
RANKL pathway, enhancing osteoclast differentiation and
fusion while inhibiting osteoblast proliferation and differ-
entiation, interrupting the normal balance between osteo-
clasts and osteoblasts, aggravating the destructive effect of
GCT. Therefore, GCT patients who present with comor-
bidities such as hyperlipidemia and diabetes, or who are
postmenopausal at onset may have a poorer prognosis
than their more “normal” counterparts.

Discussion and future prospects

Metabolic diseases of the bone have emerged as a par-
ticularly hot topic worldwide, and lipid metabolism
crosstalk frequently overlaps with bone metabolism.
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Clinical studies have shown that patients with osteo-
porosis experience some degree of lipid metabolism dys-
function. Studies have shown that obese patients have
stronger osteoclast activity, more significant osteoclast
biomarker activity, and more bone destruction products
in their serum. In addition, obese patients experience an
increase in body weight, which increases mechanical and
skeletal stress, synovial membrane wear and tear, and
dendritic cell activation, which results in significant
changes in the chemokine profiles of this niche, facilitat-
ing changes in mesenchymal stem cell-mediated bone
repair. Adipose cell-derived PPAR-y induces adipocyte
differentiation in MSCs and inhibits osteoblastic differ-
entiation. PPAR-y mediates its effects by interacting with
the PPAR response elements, inducing changes in the
osteoblastic transcription factors, Runx2 and Osx, inhi-
biting their downstream signaling and reducing osteo-
blast differentiation. Recent studies have shown that
PPAR-y-mediated induction of c-Fos upregulation is es-
sential for osteoclast function [58]. This means that
there may be an avenue for promoting bone regener-
ation by inhibiting certain components of lipid metabol-
ism. Patients with diabetes mellitus treated with
rosiglitazone often complain of increased bone fragility
as an unwanted side effect.

Statin, a commonly used inhibitor of HMG-CoA, has
been shown to exert both lipid-lowering and bone-
protective effects. Statins were previously applied to
lower cholesterol; however, more recent studies have
shown that inhibiting HMG-CoA seems to promote the
activity of specific transcription factors and induce the
expression of critical osteoblast genes. Other studies
have shown that statins inhibit function and survival via
their interactions with lipids and cholesterol and alter
osteoclast survival. Several studies have shown that sta-
tins play a positive role in reducing the risk of fracture
by promoting bone production and inhibiting osteolytic
metastasis. These osteoprotective effects are also
dependent on cumulative dose and drug intensity, and
the effect on bone metabolism was first identified by
screening for BMP2 activators in mice. The protective
effects on individual bones may be different because of
their inherent polarity and bone bioavailability. In vitro
studies have shown that statins promote osteoblast dif-
ferentiation by stimulating the expression of BMP2,
VEGEF, osteocalcin, and BSP, and promoting
mineralization. In addition, several clinical trials have
shown that only lipophilic statins significantly enhance
the expression of BMP2, thus promoting osteoblast dif-
ferentiation. This stimulatory effect suggests that the
osteoprotective effect of statins may be due to a combin-
ation of its lipid-lowering effect and the downstream im-
plications of these outcomes. Statins induce osteogenesis
and bone formation and activate the BMP2 promoter.
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Table 1 Factors and cytokines associated with bone mass regulation

Factor Derivation Effect Reference
Notch osteoblasts Bidirectional bone formation and absorption [23-25]
osteocytes
TNF-a Dendritic cell Increases bone absorption [11]
IL-18 Macrophage
IL-6
RANKL osteoblasts Osteoclast differentiation and development n2]
osteocytes Essential for bone absorption
Dendritic cell Adipocyte
Fibroblast
OPG osteoblasts RANKL inhibition [10]
osteocytes Bone protection
PPAR-y Adipocyte Inhibits bone formation [18]
Increases bone absorption
Leptin Adipocyte Increased osteoblast differentiation of MSCs [20]
Promotes bone formation
Inhibits adipocyte accumulation
Adiponectin Adipocyte Increases bone formation [20]

Inhibits adipocyte accumulation

This activation can be reversed by the addition of meva-
lonate, a downstream metabolite of HMG-CoA reduc-
tase, suggesting that this activation is the result of the
inhibition of HMG-CoA reductase. Although statins
have notable side effects in both the muscle and liver tis-
sues, most studies have shown that these compounds
achieve good results in clinical treatment and may also
have some effect on the prevention and treatment of
osteoporosis, especially in hyperlipidemia cases compli-
cated with osteoporosis. In summary, these results sug-
gest that statins may be a key strategy in treating bone
loss-related diseases.

Lipids include fatty acids, cholesterol, and phospho-
lipids. Fatty acids, especially unsaturated fatty acids, con-
tain carbon-carbon double bonds, which are vulnerable
to free radical attacks by circulating compounds such as
ROS, resulting in electron gain and loss reactions and
the production of stable structures such as malondialde-
hyde (MDA). This can be used to determine oxidative
stress levels. Since oxidation is involved in bone inflam-
mation, anti-oxidation drugs and oxidation detection
could be a possible therapeutic target. Ferroptosis can be
inhibited by iron detergents such as ferrostatin-1 (fer-1).
However, these attacks reduce the stability and increase
the permeability of membrane lipids, resulting in the loss
of osmotic gradients and changes in membrane surface
molecules, which are recognized by macrophages, medi-
ating cell death using a mechanism similar to that de-
scribed for apoptosis, causing osmotic death [41, 42].
These reaction products can also reduce the stability of
unsaturated carbon-carbon bonds and increase the sen-
sitivity to ferroptosis [42]. There are dense bone collar
cells on the matrix surface, which form an important
barrier between the bone matrix and the internal

environment, preventing the destruction of the matrix
components. Studies have shown that chronic inflamma-
tory diseases of the bones and joints, such as osteoarth-
ritis and lupus arthritis, experience different degrees of
destruction of the bone collar cells, which results in the
differential release of degraded collagen and fibrous
matrix components that are recognized by the immune
system, inducing the immune response and leading to
the abnormal activation of osteoclasts, resulting in severe
bone erosion and destruction. Several studies have
shown that the death of bone collar cells is comprehen-
sive and complex, including pyroptosis, autophagy,
apoptosis, and ferroptosis. Although bone collar cells
undergo apoptosis, there is significantly more ferroptosis
in these cells, making it a growing field of interest in
bone remodeling and regeneration. In addition to iron
overload, a large amount of unsaturated lipids also exerts
a ferroptotic effect. High lipid levels translate to high
ROS and other radical levels, which activate NF-«B sig-
naling pathways and induce inflammation [106]. Collect-
ively, these results suggest that obese people are more
likely to experience collar destruction resulting from
fatty oxide exposure and ferroptosis. Therefore, prevent-
ing the death of bone collar cells by inhibiting ferropto-
sis, may become important when developing new
osteological drugs. Other agents such as deferoxamine
(DFO) can also inhibit ferroptosis. Recent studies have
shown that FSP-1 is often recruited during these inhibi-
tory effects [42]. Thus, anti-ferroptosis agents may be-
come the next major drug target for developing
treatments for bone loss.

Economic development and social progress resulted in
obesity and hyperlipidemia gradually becoming import-
ant social issues, as they are often the primary causes of
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a variety of diseases. Obesity is no longer the sole bur-
den of obese patients but has gradually become the bur-
den of the whole society [107]. Fatty acids and
cholesterol are could be stressful environments, and the
cytokines produced by fat cells exert numerous inflam-
matory effects that often exacerbate other underlying
conditions [106]. In summary, previous studies have in-
vestigated the potential relationship between lipid or
cholesterol metabolism and bone metabolism at the cel-
lular level. However, an overview of the balance between
lipids and bone has not yet been elucidated. In this re-
view, the interplay of lipids and bones in physiological or
pathophysiological stages was summarized at the cell
interaction and molecular level. However, the subcellular
signal transduction of how lipids or cholesterol influe-
ence bone cells remains to be investigated, especially the
newly discovered cell death processes such as ferroptosis
and hedgehog signaling. Studies have shown that choles-
terol may function as an endogenous ligand of hedgehog
signaling, which alters the development and differenti-
ation of bone cells. The detailed molecular pathway of
how lipid-and cholesterol-derived ROS make sense has
not been elucidated. In addition, a multi-center large-
sample random control test should be conducted to
identify the first-line drug administration of bone illness
with hyperlipidemia.

Conclusion

High cholesterol is related to high morbidity in bone de-
struction diseases, increased bone loss, and overall re-
ductions in health, all of which have a significant
economic impact. The findings of recent studies dis-
cussed in this review indicated the importance of de-
creasing fatty acid and cholesterol levels in patients to
protect their bone health. Lipid and cholesterol
metabolism-related drugs should be used in patients
with or without future risk of obesity. The oxidation
relative substrate detection method may be utilized in
orthopedic patients with a high BMI (Table 1).
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