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ABSTRACT

Osteoporosis is considered as an aging disease that affects the quality of life. Menopause is an important risk factor for 
osteoporosis in women because of systemic alterations in metabolism. The changes in the levels of Total Cholesterol (TC), 
Triglyceride (TG), and lipoproteins in blood are postulated to be associated with osteoporosis. The current study examined 
systemic lipid profiles in post-menopausal women with and without osteoporosis. BMI (Body Mass Index) and levels of total 
cholesterol and LDL (Low-Density Lipoprotein) were found to be lower in those with osteoporosis. There was no significant 
difference in the levels of TG and HDL (High-Density Lipoprotein) among the study subjects. With high throughput lipid 
profiling technology, the lipidomes of LDL and HDL in 205 postmenopausal women were determined. The LDL lipidomes 
of patients with osteoporosis showed reduced levels of ceramide, decreased number of hydroxyl groups, and increased number 
of double bonds, compared to normal individuals. For HDL lipidomes the levels of Lyso Phosphatidyl Ethanolamine (LPE) 
were increased, and the number of double bonds was decreased in patients with osteoporosis. These results suggest a change 
in systemic lipid metabolism in post-menopausal women with osteoporosis.
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INTRODUCTION

Mobility maintenance is an important aspect of health care in the 
elderly [1,2]. Adverse health conditions such as Osteoporosis (OP) 
and Osteoarthritis (OA) greatly affect mobility [3]. OA and OP are 
also associated with aging, metabolic alterations, and inflammation 
[4]. OP is a systemic skeletal disease with decreased bone mass 
and deteriorated microarchitecture of bone leading to increased 
fragility and risk for fracture [4]. Osteoporosis and fracture are 
most prevalent in postmenopausal women [5] Aspray and Hill 
mainly due to the decline in estrogen production [6, 7]. During the 
perimenopausal period; bone loss is accelerated; and bone micro-
architecture is altered in many sites Goltzman [8]. Bone marrow 
adiposity is one of the important factors that contribute to OP [9].

Bone marrow adipocytes arise from mesenchymal stem cells and 
share their origin with osteoblasts [10]. The shift in the distributions 
of bone marrow adipocytes is associated with increased fracture risk 
in postmenopausal women [11]. Among the systemic alterations in 
post-menopausal women changes in the levels of adipokines e.g. 
visfatin have been associated with obesity, insulin resistance, and 
type II diabetes Franco-Trepat et al. [12] suggesting a role in lipid 
homeostasis. In 2017; Casado-Diaz et al. found that dietary olive oil 
extract could stimulate osteoblasogenesis and reduce bone marrow 
adiposity by reducing lipid oxidation Casado-Diaz et al. [13]. They 
also found reduced lipid peroxidation and oxidized Low-Density 
Lipoprotein (LDL) in postmenopausal women. Furthermore; 
serum from individuals who consumed such extracts was found to 
increase osteoblastogenesis and reduce adipogenesis in vitro. These 
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NAME <sum of all carbon atoms in hydrocarbon moiety>;<sum 
of all double bonds in hydrocarbon moiety>;<sum of all hydroxyl 
groups>. For example; PI 34:1; 0 denotes a Phosphatidy Iinositol 
(PI) with 34 carbon atoms; one double bond; and 0 hydroxyl group. 
In the case of Sphingolipids; SM 34:1; 2 denotes a Sphingo Myelin 
(SM) with 34 carbon atoms; 1 double bond; and 2 hydroxyl groups 
on the Ceramide backbone.

Annotation of lipid subspecies included additional information 
on the identity of their acyl moieties and their Stereospecific 
Numbering (sn). For example; PI 18:1; 0_16:0; 0 denotes 
phosphatidylinositol with octadecenoic (18:1; 0) and hexadecanoic 
(16:0; 0) fatty acids; the exact position (sn-1 or sn-2) of each of these 
two fatty acids on the glycerol backbone cannot be discriminated 
(the underscore “_” separates the two acyl chains). In contrast; PC 
O18:1;0/16:0;0 denotes an ether-linked Phosphatidyl Choline 
(PC) with an alkyl chain of 18 carbon atoms and 1 double bond 
(O-18:1;0). The ether group is linked to the sn-1 position of the 
glycerol backbone; and a hexadecanoic acid (16:0;0) is connected 
via an ester bond to the sn-2 position of the glycerol backbone (the 
slash “/” separates the two chains and indicates the snpositions of 
the two molecules (ether and hexadecanoic acid) on the glycerol 
backbone).

Identified lipid molecules were quantified by normalization to a 
lipid-class specific internal standard. The amounts in p-moles of 
individual lipid molecules (species or of subspecies) of a given lipid 
class were summed to yield the total amount of the lipid class or 
normalized to the total lipid amount yielding mol percentage.

For determination of the total double bond index the quantities 
of the lipid species containing the same number of double bonds 
were summed and normalized to the total amount of the given 
lipid class; the values were expressed as mol percentage of the lipid 
class. To determine the total carbon length index; the quantities of 
the lipid species containing the same number of carbon atoms in 
the hydrocarbon moiety were summed and normalized to the total 
amount of the given lipid class and the values were expressed as 
mol. percentage of the lipid class. For determination of the total 
hydroxylation index the quantities of the lipid species containing 
the same number of hydroxyl groups were summed and normalized 
to the total amount of the given lipid class; and the values were 
expressed as mol percentage of the lipid class.Bioinformatic 
analysis of lipidomes.

Differential expression: The differences in HDL and LDL lipid 
profiles between postmenopausal women without osteoporosis 
(referred to as non-OP individual) those with postmenopausal 
osteoporosis (referred to as OP patients) were determined as 
described previously [26, 27]. Differences between normal and 
osteoporosis group were analysed by two-tailed Student’s t-tests; and 
a p-values <0.05 was considered significant. All statistical analyses 
were performed with R on the mol percentage-transformed lipid 
dataset.

Hierarchical clustering: After identifying statistically significant 
lipid species through differential expression analysis; hierarchical 
clustering (h-clustering) was performed [28]. Each lipid was scaled 
to a mean of 0 and a standard deviation of 1 before hierarchical 
clustering and heatmap plotting. “Kendall” or “binary” distance 
was applied between each sample; and clustering was achieved 
by the “average” or “ward” linkage method in the h-clustering 
function of R.

Lipid enrichment analysis: With the gene pathway enrichment 

observations suggest that some systemic diseases may be alleviated 
by controlling lipid metabolism.

Two major lipoproteins; LDL and HDL have been linked to 
postmenopausal OP. Yamauchi et al. [14] examined approximately 
200 patients and found that high serum LDL-cholesterol level 
is a risk factor for non-vertebral fractures independent of bone 
turnover, bone mass, vitamin D insufficiency or frail status in 
postmenopausal women. However; Maghbooli et al. [15] examined 
approximately 500 patients and found no correlation between LDL 
levels and postmenopausal OP. On the contrary; Ersoy et al. [16] 
examined 400 patients and found that total cholesterol and LDL 
levels were lower in postmenopausal women. In 2018; Maghbooli 
et al. [15] found that HDL levels is negatively associated with 
postmenopausal OP. Another study of 15,000 patients revealed 
that high HDL-cholesterol level is an independent risk factor for 
bone loss; especially in menopausal women Jiang et al. [17].

These discrepancies in the association between lipoproteins and 
postmenopausal OP may be due to differences in the expression 
of LDL and HDL receptors (SR-B1: scavenger receptor-B1, express 
in liver and vessel endothelium) or genetic polymorphisms in 
lipoprotein receptor genes [18, 19, 20]. Since lipoproteins are the 
lipid carriers variations in lipid species in lipoproteins may reflect 
systemic lipid metabolism. In this study; we used a high throughput 
lipid profiling technology and determined the species and amounts 
of lipids associated with LDL and HDL in postmenopausal women 
with and without OP.

MATERIALS AND METHEDS

Clinical samples and data collection

This study was approved by the Internal Review Board (IRB) of 
both Nanjing Medical University (S2019-05-01). Patient data 
during the period of 2016-2018 were obtained by chart review. A 
total of 205 postmenopausal women with (125) or without (80) 
osteoporosis were included in the study (Table 1 Nanjing Medical 
University). Data collected included Bone Mineral Density (BMD) 
and levels of HDL, LDL, cholesterol and triglyceride. The lipidome 
of lipoproteins patient sample were from Chang-Gong Memorial 
Hospital cohort (IRB #2016-1075B0).

LDL and HDL extraction

Extraction of LDL and HDL from serum was performed as 
previously described [21, 22, 23]. Briefly; serum from 20 ml 
whole blood was subjected to density gradient centrifugation. 
Lipoproteins in the density range of 1.019-1.063 (LDL) and 1.063-
1.21 (HDL) were collected and dialyzed in a buffer containing 20 
mM Tris-HCl and 0.5 mM EDTA (pH 8.0). 

Lipid profiling

The shotgun lipidomic study was performed as described previously 
[24]. Lipids were extracted from HDL and LDL with methyl tert-
butyl ether and methanol [1, 25]. Control samples were spiked 
with lipid class-specific internal standards prior to extraction. 
After drying and resuspending in Mass Spectrum (MS) acquisition 
buffer; lipid extracts were subjected to mass spectrometric analysis. 
To determine the exact acyl chain (e.g. fatty acid) composition lipid 
molecules were fragmented in the MS/MS mode. For determination 
of lipid species; single MS was performed without fragmentation of 
lipid molecules; and the sums of carbon atoms and double bonds 
in the hydrocarbon moieties were determined. Lipid species were 
annotated according to their molecular composition as follows: 
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concept; significantly elevated and decreased lipid species of a lipid 
class were analyzed for double bond or hydroxyl group enrichment 
[29]. The p value of the Fisher’s exact test was calculated for each 
feature; and a value <0.05 was considered significant.

RESULTS

The goal of this study was to investigate differences in lipid profiles 
in postmenopausal women with OP and in those without OP 
(non-OP). A total of 205 individuals of similar ages (non-OP, 59.7, 
OP, 60.4) were investigated; including 125 OP and 80 non-OP 
individuals (Table 1). The mean BMI of non OP was slightly higher 
than that of OP (41.6 vs. 39.5) (Figure 1A, p=0.008). Cholesterol 
(Figure 1B, p=0.019) and LDL (Figure 1C, p=0.032) levels were 
also higher in non-OP than in OP groups. Triglyceride (Figure 
1D, TG, referring to VLDL level, p=0.083) and HDL (Figure 1E, 
p=0.572) levels were comparable among the two groups. This data 
indicating the study population is similar with other cohorts [16].

With this study population; lipidomes of LDL (Figure 2 and 
Figure 3) and HDL (Figure 4 and Figure 5) of 11 OP (BMD 
T-score < -2.5) 10 non-OP (BMD T-score >-2.0) individuals were 
examined. A profound difference in LDL lipidome profiles was 
observed between non-OP (green) and OP (red) groups (Figure 
2). By enrichment analysis; ceramide was found to be the most 
significantly down regulated (reduced) lipid species; and LPE and 
PE were the most upregulated (elevated) lipid species in LDL of OP 
patients (Figure 3A). The overall number of double bond (-C=C-) 
in the lipids associated with LDL (referred to as LDL lipids) was 
also increased in OP compared to non-OP groups (Figure 3B). The 
number of hydroxyl group (-OH) in LDL lipids was decreased in 
OP group (Figure 3C).

For HDL lipids, Lyso Phosphatidyl Ethanolamine (LPE) was the 
most significantly upregulated lipid species in OP patients (Figure 
5A). The number of double bond in HDL lipids was lower in 
OP than in non-OP group (Figure 5B). There was no significant 

Figure 1: Parameters associated with post-menopausal OP patients; A): Body Mass Index (BMI); B): Cholesterol levels (mg/dL). C): LDL levels (mg/dL). 
D): Triglyceride (TG) levels (mg/dL). E): HDL levels (mg/dL).

difference in the number of hydroxyl group between OP and non-
OP groups (Figure 5C).

Table 1: Demography of study population.

mean SD * p-value

patient number 205 59.9 2.8

0.3267
age

Normal (n=80) 59.7 2.8

Osteoporosis (n=125) 60.4 2.7

BMI

40.4 5.5

0.0076Normal (n=80) 41.6 5.4

Osteoporosis (n=125) 39.5 5.5

weight

66.1 12

n.s.Normal (n=80) 66.6 7.9

Osteoporosis (n=125) 65.7 14.8

height

160.2 8

n.s.Normal (n=80) 161.4 7.8

Osteoporosis (n=125) 159.4 8

HDL (mg/dL)

1.4 0.5

0.572Normal (n=80) 1.5 0.6

Osteoporosis (n=125) 1.3 0.4

LDL (mg/dL)

3.1 0.6

0.003Normal (n=80) 3.5 1

Osteoporosis (n=125) 3.2 0.7

TG (mg/dL)

0.8 0.1

0.0828Normal (n=80) 1 0.5

Osteoporosis (n=125) 1.4 0.5

Cholesterol (mg/
dL

5.8 0.7

0.0193Normal (n=80) 5.5 1

Osteoporosis (n=125) 4.8 1

*unpaired t-test comparing OP vs. non-OP.
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Figure 2: Hierarchical lipidome profiles of LDL samples from post- menopausal OP and non-OP individuals. Heatmap representing levels of various lipid 
species in LDL samples from OP patients (red color bar on top of the heatmap) and non-OP individuals (green color bar on top of the heatmap) is shown. 
The blue (lower level) and red color (lower level) intensity spectrum represents fold change in the amount of each lipid species compared to the average 
normal level.

DISCUSSION

In this study; we examined lipid profiles in sera from postmenopausal 
OP and non-OP patients. The levels of cholesterol and LDL were 
found to be significantly lower in OP than in non-OP individuals; 
but those of HDL and TG were comparable between the two groups. 
Lipidome examination revealed a difference in lipid species, e.g. 
decreased levels of ceramide in LDL and increased levels of Lyso 
Phosphatidyl Ethanolamine (LPE) in HDL in patients with OP. 
The number of double bonds was increased in LDL lipids; but 
was decreased in HDL lipids in patients with OP. The number 
of hydroxyl groups was decreased in LDL lipids; but was not 
changed in HDL lipids in patients with OP. These results suggest 
that these alterations can be a biomarker for OP. A recent study 
using metabolome profiling technology in ovariectomyinduced 
osteoporosis mouse model shown that lipid metabolism in bone 
was profoundly been alterated [30]. Among the lipids, fatty acyls, 

glycerolipids, glycerophospholipids, sphingolipids and sterols 
showed robust changes. Lipids metabolic disorders caused by 
changes in the hormone levels in OVX are closely related to the 
imbalance between bone resorption and formation and may 
underlie the development of post-menopausal osteoporosis. 
In this study; we found that the loading context of lipid species 
and the lipid chemical properties in LDL and HDL, e.g. double 
bond or hydroxyl group; are biomarkers for postmenopausal OP. 
Considering the physiological roles and the metabolism of LDL 
and HDL in the body the alternation of lipoprotein lipid loading 
context could be a trajectory of systemic metabolic status. We 
would like to discuss our study in the follow perspectives.

Systemic lipid metabolism vs. lipoprotein loading context: Cause 
or result? Bone is considered as an endocrine organ that can affect 
the metabolism of the whole body. Osteoblasts express receptors 
and catabolic enzymes to take up and metabolize fatty acids 
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Kushwaha et al. [31] Polymorphisms in the genes encoding LDL-
Related Proteins (LRPs) are frequently observed. For example; a 
retrospective study of approximately 500 postmenopausal OP 
patients on the polymorphism of the LRP5 gene revealed the 
association of A1330V mutation (rs3736228) with decreased 
BMD at three skeletal sites [32]. Another study of 100 Mexican 
postmenopausal OP patients examined LRP5 SNP and found a 
positive correlation between V667M (rs4988321) variation and 
BMD. Agued, et al. [33] In addition to genetic variations of LRPs; 

the expression of LDL receptors (LDLR) is also related to bone 
homeostasis. Using LDLR knockout mice Okayasu, et al. [34] 
found that LDLR deletion results in a suppression in osteoblastic 
differentiation but an enhancement in the differentiation of as to 
osteoclast Okayasu et al. also found that LDLR deletion in osteoclast 
resulting in increased bone resorption. These observations are 
consistent with our finding that LDL lipid species instead of LDL 
amount; are associated with postmenopausal OP.

Figure 3: LDL lipidome bioinformatics; A): Enriched lipid classes included Cerceramide, DAG: Diacylglycerol, HexCer: Hexosyceramide, LPC: Lyso-
Phosphatidylcholine, LPE: Lyso-Phosphatidylethanolamine, PC: Phosphatidylcholine, PC O-: ether-link Phosphatidylcholine. PE: Phatidylethanolamine, 
PE O-: ether-link Phatidylethanolamine, PI: Phosphatidylinositol, SM: Sphingomyelin, TAG: Triacylglycerol. The upper panel shows the LDL lipid classes 
that were downregulated; and the lower panel shows showing the LDL lipid classes those that were upregulated in OP patients compared to non-OP 
individuals. Y-axis indicates-log10 (p-value). Red colored bar indicates significant alteration; B): Double bond number in on LDL lipids of OP patients 
divided by that of non-OP individual. Y-axis indicates fold change in the number of double bonds as log2 values; C): Number of hydroxyl group number 
in LDL lipids of OP patients divided by that of non-OP individuals. The red line represents the significant level of change as – log10 (p-value). Red colored 
bars indicate significant alteration.
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HDL and bone pathophysiology are highly associated. Reduced 
HDL levels have been associated with the inflammatory 
microenvironment that affects the differentiation and function of 
osteoblasts [35]. Perturbation in HDL metabolism favors adipocyte 
differentiation and restrains osteoblastic differentiation through 
the modification of bone-related chemokines. HDL compositions 
are quite variable and may contain 45 percentage-55 percentage 
apoproteins, 26 percentage-32 percentage phospholipids, 15 
percentage-20 percentage esterified cholesterol, 3 percentage-5 
percentage free cholesterol and approximately 5 percentage 
triglycerides Tsompanidi et al. [36]. It is speculated that the 

protein content in HDL may affect its lipid loading ability [37]. 
The major protein component of HDL has been shown to vary 
among APOA1 (related to the biogenesis and functions of HDL 
[38]. Apolipoprotein E (APOE) Kypreos and Zannis [39] and 
Apolipoprotein CIII (APOCIII) Kypreos [40]. The structure and 
function of APOA1-HDL are different from those of APOE-
HDL [41]. This provide important insight that the discrepancies 
of correlation of HDL amount to postmenopausal OP. Our data 
suggested that variations in HDL lipids, e.g. high LPE and low 
double bond could be a marker for postmenopausal OP.

Figure 4: Hierarchical lipidome profiles of HDL samples from post- menopausal OP and non-OP individuals. Heatmap representing levels of various 
lipid species in HDL samples from OP (red color bar on top of the heatmap) and non-OP individuals (green color bar on top of the heatmap) is shown. 
The blue (lower level) and red color (lower level) intensity represents fold change in quantity of each lipid species compared to the average normal level.
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Significance of loading oxidized lipid in LDL and HDL particle

LDL is the most abundant lipoprotein in the body. It carries 
cholesterol and long chain fatty acids that reflect systemic lipid 
metabolic status. LDL is produced in multiple organs, e.g., liver, 
muscle, adipocyte, and bone cells. HDL is the second most 
abundant lipoprotein that carries cholesterol or phospholipids to 
the liver. Its receptor is SR-B1 which is not known to be expressed 

in bone cells. During the menopausal period estrogen levels are 
greatly decreased leading to increased oxidative stress Manolagas et 
al. [42] and risk of atherosclerosis and OP. It has been shown that 
Lyso Phosphatidyl Choline (LPC), which is the major phospholipid 
component of LDL could increase cytotoxicity in rodent osteoblast 
cells [43]. The peroxisome Proliferator-Activated Receptor gamma 
(PPARg) which is responsible for sensing lipid oxidation in bone 

Figure 5: HDL lipidome bioinformatics; A): Enriched lipid classes included DAG: diacylglycerol, HexCer: hexosyceramide, LPC: lyso- phosphatidylcholine, 
LPE: lyso-phosphatidylethanolamine, PC: phosphatidylcholine, PC O-: ether-link phosphatidylcholine, PE: phatidylethanolamine, PE O-: ether-link 
phatidylethanolamine, PI: phosphatidylinositol, TAG: triacylglycerol. The upper panel shows the HDL lipid classes that were downregulated, and the 
lower panel shows those that were upregulated in OP patients compared to non-OP individuals. Y-axis indicates significance level of changes in lipid 
quantity as -log10 (p-value). Red colored bar indicates significant alteration. B. Double bond number in on HDL lipids of OP patients divided by that of 
non-OP individual. Y-axis indicates fold change in the number of double bond as log2 values. C. Number of hydroxyl group in HDL lipids of OP patients 
divided by that of non- OP individuals. The red line represents the significant level of change as -log10 (p-value). Red colored bars indicate significant 
alteration.
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cells could contribute to menopausal menopause-associated bone 
decrease.

Low BMD is related to atherosclerosis in postmenopausal women 
Hmamouchi et al. [44]. Whether HDL is associated with low LDL 
and cholesterol levels leading to postmenopausal OP is debatable. 
It has been shown that phospholipid oxidation indicated by 
increased number of hydroxyl group or double bond in lipids can 
affect pro-inflammatory cytokine production in bone cells Tseng et 
al. [45] this may explain the high comorbidity of atherosclerosis and 
OP. Based on our data and those in the literatures; we proposed 
a hypothetical model to explain the relationship between lipid 
metabolism and OP (Figure 6). In postmenopausal OP patients; 
systemic lipid metabolism is altered; leading to decreased BMI 
and levels of circulating cholesterol and LDL. Alterations in lipids 
associated with LDL also occurred; including increased number 
of double bonds and hydroxyl groups in and decreased levels of 
ceramide. The variation in the levels of LDLR and/or genetic 
polymorphism of LRP5 may affect the uptake of LDL. The oxidation 
of lipid or HDL results in reduced number of double-bonded lipids 
and increased levels of LPE which is proinflammatory and thus 
increasing the risk of OP in postmenopausal women.

In conclusion; we performed lipidome analyses of LDL and 
HDL in patients with postmenopausal OP. The discovery in 
this study provide a possibility of using alterations in LDL and 
HDL lipid profiles as a biomarker for pathophysiological insight 
to the pathogenesis and a value to develop a bio signature of 
postmenopausal OP.
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