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ABSTRACT

There is general consent that with decreasing bone mineral density the amount of marrow adipose tissue increases.
While image-based techniques, claim an increase in saturated fatty acids responsible for this effect, this study
shows an increase in both saturated and unsaturated fatty acids in the bone marrow. Using fatty acid methyl ester
gas chromatography-mass spectrometry, characteristic fatty acid patterns for patients with normal BMD (N =9),
osteopenia (N = 12), and osteoporosis (N = 9) have been identified, which differ between plasma, red bone marrow
and yellow bone marrow. Selected fatty acids, e.g. FA10:0, FA14:1, or FA16:1 n-7 in the bone marrow or FA18:0,
FA18:1 n-9, FA18:1 n-7, FA20:0, FA20:1 n-9, or FA20:3 n-6 in the plasma, correlated with osteoclast activity,
suggesting a possible mechanism how these fatty acids may interfere with BMD. Although several fatty acids
correlated well with the osteoclast activity and BMD, there was not a single fatty acid contained in our fatty acid
profile that can be claimed for controlling BMD, a fact that may be attributed to the genetic heterogeneity of the
patients.

Keywords: Bone mineral density, fatty acid composition, bone marrow, saturated fatty acids, unsaturated fatty
acids, Tartrate-Resistant Acidic Phosphatase (TRAP5b)
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INTRODUCTION

There is global evidence that life span and
overall health improves (Tuljapurkar et al.,
2000). However, the steadily aging popula-
tion and increasingly sedentary lifestyles have
made low bone mass, i.e. osteopenia and 0s-
teoporosis, and associated fragility-fractures a
serious public health concern. Despite a mi-
nor trauma, fragility-fractures frequently re-
sult in work absence, decreased productivity,
disability, deterioration of health, and reduced
quality of life.

Directly after birth, the bone marrow is
comprised mainly of red bone marrow
(RBM), which contains its red color from
large amounts of hematopoietic, osteogenic,
and erythroid cells. With increasing age, the
bone marrow adipose tissue (MAT) steadily
expands, resulting in the development of yel-
low bone marrow (YBM) (Moerman et al.,
2004). Overall this development is compara-
ble between mice and humans, however, in
mice significant strain differences exist.
C57BL/6 mice, which have an overall low
BMD, have very low numbers of marrow ad-
ipocytes in their long bones. In contrast, the
long bones of C3H/HeJ mice (a distinct
strain), which have a very high BMD, contain
a lot more marrow adipocytes (Beamer et al.,
1996). This challenges a causal relationship
between simply the amount of MAT and the
BMD. Instead, factors, e.g. fatty acid compo-
sition and genetic variability in lipid metabo-
lism get into focus. Picking up the previous
example, C3H/HeJ mice have been shown to
have higher levels of triglycerides and choles-
terol in their plasma than C57BL/6 mice (Jiao
et al., 1990), suggesting that not only the fatty
acid composition could be relevant, but also
that the fatty acid composition in the plasma
and the MAT correlate.

However, one of the unsolved key ques-
tions about MAT and bone is whether accu-
mulation of MAT precedes, parallels, or fol-
lows bone loss. MAT comprises a large pro-
portion of the marrow cavity in primary and
secondary osteoporosis (Cohen et al., 2012;
Devlin and Rosen, 2015). A study using pro-

ton magnetic resonance spectroscopy pro-
posed that saturated lipids increase preferen-
tially to unsaturated lipids in marrow fat of
patients with decreased BMD (Yeung et al.,
2005). Therefore, it was proposed, that nutri-
tional modification of the fatty acid composi-
tion may improve the BMD (Martyniak et al.,
2021). While the protective role of omega-3
poly-unsaturated fatty acids (PUFA) in patho-
logical calcifications, e.g. atherosclerosis, is
indisputable, their effects on BMD is less
clear. Although a diet rich in omega-3 PUFA
could improve BMD in different rodent mod-
els, comparable studies in humans showed
contradictory results — for review see (Sharma
and Mandal, 2020). More detailed analyses of
the fatty acid composition in the bone marrow
using gas chromatography (Griffith et al.,
2009; Mirandaetal., 2016), challenged the in-
itial assumption that especially saturated fatty
acids (SAT) are increased in the bone marrow
of osteoporotic patients (Yeung et al., 2005).

Based on the mentioned literature it is as-
sumed that: (i) with decreasing BMD, the
overall amount of fatty acids increases in the
bone, (ii) the fatty acid composition in osteo-
porotic bone is altered, (iii) the fatty acid
composition of the well-perfused red bone
marrow correlates with the fatty acid compo-
sition of both the plasma and yellow bone
marrow, (iv) and these alterations in the fatty
acid composition in the plasma and bone mar-
row can be used to screen for osteopenia and
osteoporosis.

To investigate these hypotheses, it is
planned to characterize the fatty acid compo-
sition in the circulating blood (plasma - prior
to surgery), the well-perfused red bone mar-
row (RBM), and the yellow bone marrow
(YBM). As the literature suggests that the do-
nor site might affect the fatty acid composi-
tion (Griffith et al., 2009), only explanted fe-
mur heads will be used to obtain the RBM and
YBM. The total fatty acid composition (12
SAT, 7 MUFA, and 11 PUFA) in the plasma,
RBM and YBM will be quantified using gas
chromatography-coupled to mass spectrome-
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try (GC-MS) and associated to the age-ad-
justed BMD (T-scores), and circulating bone
markers to identify disease-specific pattern.

MATERIAL AND METHODS

Ethics statement

The study includes patient material and
was performed in accordance with the Decla-
ration of Helsinki (1964) in its latest amend-
ment. Clinical data, blood, and bone-marrow
samples from a total of 30 patients receiving
a planned primary total hip arthroplasty were
obtained in accordance with the ethical vote
228/2017B0O2 (approved: 24.05.2017). All
study participants have signed written in-
formed consent. Patients below 18 years of
age, not capable of consent, or with viral or
bacterial infection, were excluded from the
study.

Patients’ samples

Red and yellow bone marrow

Yellow and red bone marrow were ob-
tained from a total of 30 patients undergoing
atotal hip arthroplasty at a level 1 trauma cen-
ter, immediately after resection of the femoral
heads. Samples were stored at -80 °C until
further use. The associated age-adjusted
BMD (T-scores) were determined by quanti-
tative computer tomography (qCT) scans with
a reference block (Phantom EFP-06-96).

Blood sampling

From the same patients 3.7 mL blood
(EDTA plasma) was obtained during a routine
blood sampling before the surgery. Blood
samples were centrifuged at 1,000g for
10 min at room temperature 30 min after sam-
pling, to allow clotting. Serum samples were
stored (aliquots) at -80 °C until further use.

Enzyme-linked Immunosorbent Assay
(ELISA)

Target proteins in plasma samples were
quantified with the help of ELISA Kits, per-
formed as indicated by the manufacturers:
Bone alkaline phosphatase (Ostase® BAP /
AC-57DF1, IDS, Tyne & Wear, UK) and tar-
trate-resistant acidic phosphatase (TRAP5b /

SB-TR201A, IDS) were detected as activity
markers for osteoblast and osteoclast, respec-
tively. Cross-linked C-telopeptides of Type 1
collagen (CICP / 1:12.5 sample dilution /
#8003 / TecoMedical, Sissach, CHE) and C-
terminal telopeptide of fibrillar collagens
(CTX-1 / 1:3 sample dilution / AC-57SF1,
IDS) were detected as markers for collagen
formation and degradation. Furthermore, the
fat-soluble 25(0OH) vitamin D3 (25(OH)Ds or
calcidiol / AC-57DF1, IDS) was detected.

Lipidomics analysis

Total fatty acid composition was deter-
mined based on fatty acid methyl ester gas
chromatography-mass spectrometry (FAME
GC-MS) in samples from plasma, red and yel-
low bone marrow, N = 30 respectively (Ecker
etal., 2012). 10 to 20 mg of bone marrow tis-
sue and 100 pL plasma were snap-frozen on
dry ice immediately after excision and stored
at -80 °C until extraction. Tissue samples
were weighed in tubes with 700 mg lysing
matrix D (#116913050-CF, MP biomedicals,
Lake Forest, CA, USA) and allowed to thaw
on wet ice. The concentration was set to
0.05 mg/pL using equal parts MeOH and wa-
ter (#1060181000, Merck, Darmstadt, GER).
Tissues were lysed using a homogenizer
(FastPrep) set to 30 s and 6 m/s. Transesteri-
fication of 10 pL serum and 1 mg bone mar-
row in solution was carried out as previously
described and FAMEs were extracted using
hexane (#1007951000, Merck) (Lepage and
Roy, 1986; Ecker et al., 2012). GC-MS based
total FA analysis was performed as previously
published (Ecker 2012). FA13:0 iso as well as
FA21:0 iso were used as internal standard for
quantification. Total fatty acid amount is pre-
sented as nmol/mg protein. Individual fatty
acid compositions are presented as molar per-
centages of the total fatty acid profile. The an-
alyzed fatty acid profile is summarized in Ta-
ble 1.

Statistics

The numbers of patients/donors (N) and
technical replicates (n) for each experiment
are given in the figure legends. Multivariate
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analyses including correlation matrices and
partitioning were done with JMP 16.0.0 (SAS
Institute GmbH, Heidelberg, GER). Individ-
ual data points are displayed in scatter plots.
Correlations between two factors are dis-
played as bivariate fitted normal ellipses
(p = 0.90) and summarized as colored signif-
icance circles. Data comparing groups are
summarized as box plots with individual

Table 1: Overview of the measured fatty acids

Common Name

saturated FA 8:0 Caprylic acid
fatty acids FA 10:0 Capric acid
(SAT) FA 12:0 Lauric acid
FA 14.0 Myristic acid
FA 15:0 Pentadecylic acid
FA 16:0 Palmitic acid
FA 17:0 Margaric acid
FA 18:0 Stearic acid
FA 20:0 Arachidic acid
FA 22:0 Behenic acid
FA 23:0 Tricosylic acid
FA 24.0 Lignoceric acid
mono-unsa- FA14:1 Myristoleic acid
turated fatty FA16:1 n-7 Palmitoleic acid
acids (MUFA) FA18:1 n-9 Oleic acid
FA18:1 n-7 Vaccenic acid
FA20:1 n-9 Eicosenoic acid
FA22:1 n-9 Erucic acid
FA24:1 n-9 Nervonic acid
poly-unsatu- FA18:2 n-6 Linoleic acid
rated fatty
acids (PUFA) FA18:3 n-3 a-Linolenic acid
FA18:3 n-6 y-Linolenic acid
FA20:2 n-6 Eicosadienoic acid
FA20:3 n-6 Dihomo-gamma-lino-
lenic acid
FA20:4 n-3 Eicosatetraenoic
acid
FA20:4 n-6 Arachidonic acid
FA20:5 n-3 Eicosapentaenoic
acid
FA22:4 n-6 Adrenic acid
FA22:5 n-3 Docosapentaenoic
acid
FA22:6 n-3 Docosahexaenoic
acid

measurement points — each with median and
interquartile range — analyzed and visualized
with GraphPad Prism Version 8 (Dotmatics,
Boston - MA, USA). Due to the sample size,
a Gaussian distribution could not be assumed
and data were compared by non-parametric
Kruskal-Wallis test with Dunn’s correction
for multiple comparisons. A p <0.05 was
considered significant.

Systematic Name Formula Mass
Octanoic acid CsH1602 144.1
Decanoic acid C10H2002 172.1

Dodecanoic acid C12H2402 200.2

Tetradecanoic acid C14H2802 228.2

Pentadecanoic acid C15H3002 242.2

Hexadecanoic acid C16H3202 256.2

Heptadecanoic acid C17H3402 270.3

Octadecanoic acid C18H3602 284.3

Eicosanoic acid C20H4002 312.3
Docosanoic acid C22H4402 340.3
Tricosanoic acid C23H4602 354.3

Tetracosanoic acid C24H4802 368.4

cis-9-Tetradecenoic acid C14H2602 226.4
cis-9-Hexadecenoic acid C16H3002 254.4
cis-9-Octadecenoic acid C18H3402 282.5
cis-11-Octadecenoic acid C18H3402 282.5
cis-11-Eicosenoic acid C20H3802 310.5
cis-13-Docosenoic acid C22H4202 338.6
cis-15-Tetracosenoic acid C24H4602 366.6
all-cis-9,12-Octadecadi- C18Hz3202 280.5
enoic acid
all-cis-9,12,15-Octadeca- C18H3002 278.4
trienoic acid
all-cis-6,9,12-Octadeca- C18H3002 278.4
trienoic acid
all-cis-11,14-Eicosadienoic C20Hz3602 308.5
acid
all-cis-8,11,14-Eicosa- C20H3402 306.5
trienoic acid
all-cis-8,11,14,17-Eicosatet- C20H3202 304.5
raenoic acid
all-cis-5,8,11,14-Eicosatet- C20Hz3202 304.5
raenoic acid
all-cis-5,8,11,14,17-Eicosa- C20H3002 302.5
pentaenoic acid
all-cis-7,10,13,16-do- C22H3602 3325
cosatetraenoic acid
all-cis-7,10,13,16,19-do- C22H3402 330.5
cosapentaenoic acid
all-cis-4,7,10,13,16,19-Do- C22H3202 328.5

cosahexaenoic acid
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RESULTS

The amount of total fatty acids increased in
the bone marrow with low BMD

Between July 2017 and March 2018 pa-
tients were recruited for this study. From 36
eligible patients 6 had to be excluded from the
study, because the patients refused study par-
ticipation (N = 4) or sampling failed (N = 2).
The 30 patients included in this study were
then grouped based on their age-adjusted
BMD (T-score). 9 patients (4 males and 5 fe-
males) had a T-score above -1.0 representing
anormal BMD. 12 patients (6 males and 6 fe-
males) had a T-score between -1.0 and -2.5,
characteristic for osteopenia. The remaining 9
patients (3 males and 6 females) had a T-score
below -2.5, characteristic for osteoporosis
(Figure 1A). The average age and body mass
index were comparable between the three
groups (Figure 1B, C). The amount of total
fatty acids and their composition in the

plasma were comparable between the three
groups. On average, the amount of saturated
fatty acids (SAT) was comparable between
plasma, red bone marrow (RBM), and yellow
bone marrow (YBM). The amount of mono-
unsaturated fatty acids (MUFA) in the plasma
was approx. half of that in the RBM or YBM.
In contrast, the plasma contained approx. 2.5-
fold more poly-unsaturated fatty acids
(PUFA) than the RBM or YBM. The overall
amount of fatty acids in the bone marrow in-
creased with decreasing T-score. The effect
was most pronounced in the YBM, where pa-
tients with osteoporosis had almost double the
amount of fatty acids than patients with nor-
mal BMD. The amount of SAT increased by
61.5 % in the RBM and 73.3 % in the YBM.
The amount of MUFA increased by 56.2 % in
the RBM and 66.2% in the YBM. The
amount of PUFA increased by 101.1 % in the
RBM and 146.7 % in the YBM (Figure 1D).

A N =36
eligible patients N =6 sialidad:
’— N = 4 refused participation
N =30 N = 2 no sampling possible
(8=13/2=17)
patients included
|
[ Fatty Acid Composition
normal BMD Osteopenia Osteoporosis 0
T-score > -1 T-score -2.5 to -1 T-score < -2.5 14
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Figure 1. Overview of the patients analyzed in this study. (A) CONSORT diagram summarizing the
patients included in this study. N = 30 patients were included in the study, which got grouped into three
groups based on their age-adjusted bone mineral density (T-score). Summary of the (B) age and (C)
body mass index (BMI) of the included patients. Data are summarized as box plots with individual data
points. Groups were compared with non-parametric Kruskal-Wallis test, followed by Dunn’s multiple
comparison test. Between the three groups, no significant (p < 0.05) difference in the patients’ age and
BMI was detected. (D) The composition of saturated fatty acids (SAT), mono-unsaturated fatty acids
(MUFA), and poly-unsaturated fatty acids (PUFA) in the plasma, red bone marrow (RBM), and yellow
bone marrow (YBM) is summarized as stacked bars. The total amount of fatty acids is presented as %

of the average amount of all 30 samples investigated.
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The amount of saturated fatty acids
increases in the bone marrow with
decreasing BMD

The composition of SAT in the plasma,
RBM, and YBM had in common that the lev-
els of FA14:0, FA15:0, FA16:0, FA17:0,
FA18:0, FA20:0, FA22:0, FA23:0, and
FA24:0 showed a strong positive correlation.
In the RBM and the YBM this was also valid
for FA10:0, and exclusively in the YBM also
for FA8:0. In contrast, in the plasma, FA8:0
and FA10:0 showed a strong positive correla-
tion independent of the other SAT measured
(Figure 2A). None of the SAT measured in
the plasma showed a correlation with the T-
score. In contrast, almost all SAT measured in
the RBM and YBM showed a negative corre-
lation with the T-score. FA8:0 showed no cor-
relation with the T-score (Figure 2B). Com-
paring the levels of the individual SAT in the

Saturated Fatty Acids

in the Plasma in the Red Bone Marrow (RBM)

plasma, RBM, and YBM revealed that there
was no correlation between the individual
SAT measured in the plasma and RBM, but a
weak negative correlation between FA18:0
and FA22:0 measured in the plasma and
YBM. In contrast, FA10:0, FA12;0, FA14:0,
FA15:0, FA17:0, and FA23:0 measured in the
RBM and YBM correlated positively (Fig-
ure 2C). Comparing the average levels of the
SAT within the three groups investigated
(normal BMD / osteopenia / osteoporosis)
showed significantly increased levels of
FA15:0, FA17:0, FA18:0, and FA23:0 in the
RBM and YBM of patients with osteoporosis
when compared to controls. Additionally, lev-
els of FA10:0, FA16:0 and FA20:0 were sig-
nificantly increased in the YBM of patients
with osteoporosis when compared to controls
(Figure 2D).

Figure 2: The compo-
sition of saturated fatty
acids (SAT) in the red

in the Yellow Bone Marrow (YBM)
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The amount of SAT is presented as % of the average amount of all 30 samples investigated. The red
lines mark significant (p < 0.05) changes between the three groups (normal bone mineral density / os-

teopenia / osteoporosis).
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The amount of the mono-unsaturated fatty
acids FA18:1 n-9 and FA20:1 n-9 is
elevated in the yellow bone marrow of
patients with osteoporosis

The composition of MUFA in the plasma,
RBM, and YBM had in common that all the
MUFA measured positively correlated with
each other. The strongest correlation was ob-
served in RBM, followed by plasma and
YBM (Figure 3A). Again, none of the MUFA
measured in the plasma showed a correlation
with the T-score. The MUFA quantified in the
RBM and YBM showed a negative correla-
tion with the T-score, which was most pro-
nounced for FA14:1, FA16:1 N-7, FA18:1 n-
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9, and FA20:1 n-9 in the RBM and FA18:1 n-
9 and FA20:1 n-9 in the YBM (Figure 3B).
Comparing the levels of the individual MUFA
in the plasma, RBM, and YBM showed only
a weak positive correlation between
FA18:1 n-7 measured in the plasma and
RBM, and FA16:1n-7 measured in the
plasma and YBM. In contrast, most MUFA
measured in the RBM and YBM correlated
positively with each other (Figure 3C). Com-
paring the average levels of the MUFA within
the three study groups identified significantly
elevated levels of FA18:1 n-9 and FA20:1 n-
9 only in the YBM of patients with osteopo-
rosis when compared to controls (Figure 3D).
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Figure 3: The composition of mono-unsaturated fatty acids (MUFA) is altered depending on the age-
adjusted bone mineral density (T-score), especially in the yellow bone marrow (YBM). (A) Multivariate
analysis of the measured MUFA in the plasma, red bone marrow (RBM), and YBM. Correlations are
presented as bivariate fitted normal ellipses (p = 0.90) with individual data points and summarized as
colored significance circles. (B) Summary of the correlations of the T-score and the individual MUFA in
the plasma, RBM, and YBM. (C) Summary of the correlations of the individual MUFA measured in
plasma, RBM, and YBM. Colors represent the correlation (red: positive / blue: negative) with * p < 0.05,
** n < 0.01, and *** p < 0.001. (D) The composition of the individual MUFA based on the T-score in the
plasma, RBM, and YBM is summarized as stacked bars. The amount of MUFA is presented as % of the
average amount of all 30 samples investigated. The red lines mark significant (p < 0.05) changes be-
tween the three groups (hormal bone mineral density / osteopenia / osteoporosis).
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The amount of poly-unsaturated fatty acids
is increased especially in the yellow bone
marrow of patients with osteoporosis

The composition of PUFA in the plasma,
RBM, and YBM plasma, RBM, and YBM
had in common that all the PUFA measured
positively correlated with each other. In con-
trast to the RBM and YBM, which had overall
a lower amount of PUFA than the plasma,
FA20:4 n-3 (2) was not detectable in the
plasma (Figure 4A). Similar to SAT and
MUFA, none of the PUFA measured in the
plasma showed a correlation with the T-score,
but many of the PUFA measured in the RBM
and YBM negatively correlated with the T-
score (Figure 4B). Comparing the levels of
the individual PUFA in the plasma, RBM, and

A

Poly-Unsaturated Fatty Acids (PUFA)

in the Plasma

in the Red Bone Marrow (RBM)

YBM revealed positive correlations between
FA20:5n-3, FA22:5n-3, and FA22:6 n-3
measured in the plasma and RBM, and
FA20:5n-3 measured in the plasma and
YBM. In contrast, most PUFA measured in
the RBM and YBM correlated positively with
each other (Figure 4C). Comparing the aver-
age levels of the PUFA within the three study
groups investigated showed significantly in-
creased levels of FA18:2 n-6 and FA20:4 n-3
in both the RBM and YBM of patients with
osteoporosis when compared to controls. In
addition, levels of FA18:3 n-3, FA20:2 n-6,
FA20:5n-3, and FA22:6 n-3 were signifi-
cantly increased in the YBM of patients with
osteoporosis when compared to controls (Fig-
ure 4D).
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The composition of the individual PUFA based on the T-score in the plasma, RBM, and YBM is sum-
marized as stacked bars. The amount of PUFA is presented as % of the average amount of all 30
samples investigated. The red lines mark significant (p < 0.05) changes between the three groups (nor-
mal bone mineral density / osteopenia / osteoporosis).
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TRAPSD levels are negatively associated
with T-scores and positively with selected
fatty acids in the plasma, red-, and yellow
bone marrow

In order to identify if alterations in the
BMD are associated more with a decreased
osteoblast activity or an increased osteoclast
activity in our study population, levels of
bone markers were detected in the plasma.
While the osteoblast marker BAP showed no
association with the T-scores, the TRAP5b
levels showed a significant (p = 0.010) nega-
tive correlation with the T-scores (Fig-
ure 5A). Considering the associations be-
tween T-scores and the individual fatty acids
measured, the next step screened for correla-
tions between the TRAP5Sb levels and the in-
dividual fatty acids measured in the plasma,
RBM, and YBM. In contrast to the T-score,
TRAPS5D levels were associated with several
fatty acids measured not only in the RBM and
YBM, but also in the plasma. From all SAT
measured, FA10:0 showed inverse results in
plasma and bone marrow; while showing the
strongest positive correlation with TRAPS5b in

the RBM and YBM (p = 0.003 and p = 0.008,
respectively), TRAP5b levels in the plasma
were negatively associated with TRAP5b
(p =0.081). Furthermore, FA16:0
(p=0.041), FA17:0 (p=0.029), FA18:0
(p =0.037), and FA24:0 (p =0.044) in the
plasma positively correlated with TRAP5b. In
contrast, only FA14:0 (p = 0.033) in the YBM
positively correlated with TRAPS5b (Fig-
ure 5B). All MUFA and PUFA measured in
the plasma, RBM, and YBM positively asso-
ciated with TRAP5D levels. Correlations be-
tween MUFA and TRAP5Db were significant
for FA16:1n-7 (p=0.031), FA18:1n-9
(p=0.019), FA18:1n-7 (p=0.015), and
FA20:1n-9 (p=0.014) measured in the
plasma, as well as FA14:1 (p =0.028 and
p=0.025) and FA16:1n-7 (p=0.028 and
p = 0.043) measured in the RBM and YBM
(Figure 5C). Correlations between PUFA and
TRAPS5b were significant only for FA20:3 n-
6 (p=0.026) measured in the plasma and
FA18:3 n-6 (p =0.034) measured the YBM
(Figure 5D).
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Figure 5: Correlation of the specific bone markers in the plasma with age-adjusted bone mineral density
(T-score) and fatty acid composition. (A) Multivariate analysis of the measured bone markers in the
plasma and the corresponding T-scores. Summary of the correlations of the TRAP5b levels measured
in the plasma with (B) the individual saturated fatty acids (SAT), (C) mono-unsaturated fatty acids
(MUFA), and (D) poly-unsaturated fatty acids (PUFA) in the plasma, red bone marrow (RBM), and yellow
bone marrow (YBM). Correlations are displayed as bivariate fitted normal ellipses (p = 0.90) with indi-
vidual data points and summarized as colored significance circles.
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The fatty acid composition not only in the
bone marrow but also in the plasma is well
associated with the age-adjusted BMD
Plasma levels of BAP and TRAP5b, the
established markers for bone turnover, indi-
cated increased bone resorption in our study
group with osteoporosis. In this study popula-
tion, a screening based on these two parame-
ters identified patients with osteoporosis with
the highest accuracy (sensitivity: 88.9 %;
specificity:  95.2%; accuracy 93.3 %;
p <0.001), however, failed to accurately
identify (sensitivity: 57.9 %; specificity:
72.7 %; accuracy 63.3 %; p = 0.142) patients
with osteopenia and osteoporosis (Fig-
ure 6A). Although, plasma levels of the meas-
ured fatty acids showed no association with
the T-scores in our study population, a screen-
ing based on these parameters identified pa-
tients with osteoporosis with comparably high
accuracy (sensitivity: 66.7 %; specificity:
95.2 %; accuracy 86.7 %; p < 0.001) than the
bone markers. In contrast to the bone markers,
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this screening could also accurately identify
(sensitivity: 75.0 %; specificity: 90.0 %; ac-
curacy 80.0 %; p = 0.001) patients with oste-
openia and osteoporosis (Figure 6B). As the
fatty acid composition in the RBM showed
most correlations with the T-scores, a screen-
ing based on these parameters identified pa-
tients with osteoporosis with the highest sen-
sitivity  (sensitivity: 100.0 %; specificity:
76.2 %; accuracy 83.3 %; p <0.001). This
screening identified patients with osteopenia
and osteoporosis not only with the highest
sensitivity but also with the highest accuracy
(sensitivity: 100.0 %; specificity: 54.5 %); ac-
curacy 83.3%; p<0.001 / Figure 6C). A
screening based on the fatty acid composition
in the YBM identified patients with osteopo-
rosis with a high accuracy (sensitivity:
77.8 %; specificity: 85.7 %; accuracy 83.3 %;
p =0.002), but could not reliably identify
(sensitivity: 81.0 %; specificity: 55,6 %; ac-
curacy 73.3 %; p = 0.082) patients with both
osteopenia and osteoporosis (Figure 6D).
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Figure 6: Potential screening strategies for reduced bone mineral density were identified using partition
analysis. (A) Screening for reduced age adjusted bone mineral density (T-score) based on the bone
markers detected in the plasma. Screening for reduced T-scores based on the fatty acid composition in
(B) the plasma, (C) the red bone marrow (RBM), and (D) the yellow bone marrow (YBM). Screening
strategies are presented as flow diagrams. Screened datasets are presented as box plots with individual
data points. Groups were compared with non-parametric Kruskal-Wallis test, followed by Dunn’s multiple
comparison test. * p < 0.05, ** p < 0.01, and ** p < 0.001 as indicated.
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DISCUSSION

Our data show significant associations be-
tween the age-adjusted BMD and the fatty
acid composition in the RBM and YBM but
not in the plasma of our study group. On av-
erage the plasma contained approx. 40 %
SAT, 27 % MUFA, and 33 % PUFA. Interest-
ingly, the average composition in the bone
marrow was different. With 36 % the average
amount of SAT was comparable to the plasma
but the average amount of MUFA (52 %) and
PUFA (12 %) revealed a higher proportion of
MUFA than PUFA in the bone marrow. In
line with the literature (Cohen et al., 2012,
Devlin and Rosen, 2015), the amount of fatty
acids increased with decreasing T-score, es-
pecially in the YBM - which in the osteopo-
rotic group contained almost double the
amount of fatty acids than in the control
group. Contrary to earlier assumptions that
marrow adipocytes are mainly quiescent and
metabolically inert, recent studies have re-
vealed that MAT may be highly metabolically
active, responsive to physiological stimuli,
and actively interacting with osteoblasts and
osteoclasts to mediate bone homeostasis
(Sheu and Cauley, 2011; Krings et al., 2012).
The fatty acid composition may be the key
factor in this process. For example, anti-in-
flammatory omega-3 PUFA may counteract
the effects from pro-inflammatory SAT in de-
veloping calcified plaques in atherosclerosis,
however, their effect on BMD is less clear.

Studies quantifying the general amount
and composition of MAT with non-invasive
imaging techniques, e.g. proton magnetic res-
onance spectroscopy (Schellinger et al., 2004;
Yeung et al., 2005) or chemical shift encod-
ing-based water—fat magnetic resonance im-
aging (Beekman et al., 2022), uniformly sug-
gested that an increase in SAT is mainly re-
sponsible for the increase in MAT in osteopo-
rosis. However, quantifying the individual
fatty acid composition in the bone marrow
with gas chromatography could not confirm
this result (Griffith et al., 2009; Miranda et al.,
2016). In the first study no significant altera-
tions in the fatty acid composition could be
observed, which was partly explained by the

different donor sites the bone marrow was ob-
tained from (Griffith et al., 2009). Such a do-
nor site variation was excluded in our study,
where all samples were obtained from the fe-
mur head. Similarly, in the second study
where solely iliac crest biopsies from post-
menopausal women were compared. In these
samples, decreasing BMD was associated
with decreased levels of SAT and increased
levels of MUFA, especially in those patients
which had experienced fragility fractures
(Miranda et al., 2016). However, the compa-
rability of these studies is limited - besides a
possible influence of the donor site (Griffith
et al., 2009), the fatty acid composition in
these studies is described as molar percent-
ages of the total fatty acid profile, which was
different in each study. Especially, the
amount of the long chain SAT, e.g. FA18:0,
FA20:0 and FA22:0, seemed to be signifi-
cantly affected by the donor site (Griffith et
al., 2009). In our samples, significantly ele-
vated levels of the SAT FA10:0, FA15:0,
FA16:0, FAL17:0, FA18:0, FA20:0, and
FA23:0 were detected in especially the YBM
of patients with osteoporosis when compared
to controls. Of these plasma levels of FA16:0,
FA17:0, and FA18:0 were positively associ-
ated with the osteoclast activity in these pa-
tients, as measured by circulating TRAP5b
levels. This finding is supported by a study
showing enhanced osteoclastogenesis in mice
on a high-fat diet enriched with FA16:0 (pal-
mitic acid). A SAT induced inflammatory re-
action with induction of TNF-a, was identi-
fied as key regulator in this process
(Drosatos-Tampakaki et al., 2014). In the
bone marrow, however, there was a strong as-
sociation of FAL10:0 with the circulating
TRAPSD levels, suggesting a positive effect
on osteoclast formation or function. Unfortu-
nately, FA10:0 (capric acid) was not meas-
ured in the two aforementioned studies
(Griffith et al., 2009; Miranda et al., 2016).
However, our results were supported by a
mouse model investigating the effect of me-
dium-chain triglyceride ketogenic diet on
bone mineral density. Dietary supplementa-
tion with capric acid, and even more with
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caprylic acid (FA8:0), resulted in decreased
BMD and increased circulating TRAP5b lev-
els (Jain et al., 2021). In contrast, capric acid
was reported to effectively inhibit osteoclast
formation in vitro (Park et al., 2011; Kim et
al., 2014).

In the iliac crest biopsies of postmenopau-
sal women a significant increase in MUFA
was observed especially in those samples with
osteoporosis and a history of fragility frac-
tures (Miranda et al., 2016). In the present
study the increase in the amount of MUFA
was less pronounced, solely FA18:1 n-9 and
FA20:1 n-9 were significantly increased in
the YBM in the osteoporotic group when
compared to the control group. In the plasma
there was again a positive association of the
circulating TRAP5b levels with FA18:1 n-9
(oleic acid), FA18:1 n-7 (vaccenic acid), and
FAZ20:1 n-9 (eicosenoic acid), again suggest-
ing a stimulatory effect on osteoclasts. Of par-
ticular interest is the highly specific trans fatty
acid vaccenic acid, whose consumption in
dairy products has been associated with the
incidence of hip fractures in different Euro-
pean countries. As potential mechanism inhi-
bition of alkaline phosphatase activity and re-
sulting calcification has been proposed. Inter-
estingly, dietary supplementation with oleic
acid could partly counteract this effect
(Hamazaki et al., 2016). In another study a
positive effect of oleic acid on BMD was ex-
plained with an increase in OPG/RANKL ra-
tio, suppressing osteoclastogenesis (Martin-
Bautista et al., 2010), however, in this study
diary supplementation was not oleic acid
alone, but contained also fish oil (omega-3
PUFA) and vitamins. Likewise, dietary sup-
plementation with oleic acid reduced satu-
rated fatty acid-induced osteoclastogenesis in
a mouse model (Drosatos-Tampakaki et al.,
2014). However, the triglyceride accumula-
tion favored by oleic acid might further ex-
pand the MAT. This finding is further sup-
ported by two in vitro studies, showing en-
hanced triglyceride accumulation in oleic acid
treated osteoprogenitor cells. While in the
first study oleic acid also improved osteo-
genic function (alkaline phosphatase activity)

in the murine bone marrow-derived stroma
cell line ST2 (Deshimaru et al., 2005), the op-
posite was observed for murine MC3T3-E1
osteoprogenitor cells in the second study
(Hutchins et al., 2011). In yet another study it
was proposed that melatonin could counteract
fatty-acid induced triglyceride accumulation
in rat ROS17/2.8 osteoprogenitor cells
(Sanchez-Hidalgo et al., 2007), which is of
potential interest for clinical application.

As mentioned before, in the current study,
the overall amount of PUFA increased the
most with decreasing BMD. When comparing
the osteoporotic group with the control group,
especially, FA18:2 n-6, FA18:3 n-3,
FA20:2 n-6, FA20:4 n-3, FA20:5n-3, and
FA22:6 n-6 were significantly increased in
the YBM. Increased levels of FA18:2 n-6
(linoleic acid) have also been found in the os-
teoporotoc iliac crest biopsies from postmen-
opausal women. In contrast, in these samples
FA20:3 n-6 and FA20:4 n-6 levels were sig-
nificantly decreased, especially when donors
had a history of fragility fractures (Miranda et
al., 2016). Interestingly, the same PUFA
(FA20:3 n-6) measured in the plasma showed
a strong positive correlation with circulating
TRAPS5D levels in the present study. As the
omega-6 (n-6) PUFA represent precursors to
the most strongly pro-inflammatory eico-
sanoids, an induction of osteoclastogenesis
via TNF-a (as reported above (Drosatos-
Tampakaki et al., 2014)) could be considered.
This assumption is supported by the study re-
porting increased levels of omega-6 (n-6)
PUFA in MAT derived from femoral heads of
patients with osteoarthritis when compared to
patients with osteoporosis (Plumb and
Aspden, 2004). A diet rich in anti-inflamma-
tory omega-3 (n-3) PUFA has been reported
to improve BMD in different rodent models —
for review see (Sharma and Mandal, 2020). In
the present study, certain anti-inflammatory
omega-3 (n-3) PUFA have been increased in
bone marrow. For example, a-linoleic acid
(FA18:3 n-3) in the YBM not only negatively
associated with T-scores, but also positively
with circulating TRAPSb levels, suggesting
active bone resorption. This is in contrast to a
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study in rats, which reported that a-linolenic
acid reduced bone loss caused by a high-fat
diet. In this study, a-linoleic acid had no ef-
fect on osteoclast function but stimulated os-
teoblast function (Chen et al., 2019). In the
present study, no significant association be-
tween osteoblast activity, measured by BAP
levels, and any of the SAT, MUFA, or PUFA
could be detected. In vitro, medium supple-
mentation with PUFA FA20:5n-3 and
FA22:6 n-3 even suppressed alkaline phos-
phatase activity in MC3T3-EL1 cells (Hutchins
et al., 2011). Interestingly, dietary uptake of
these two PUFA were positively associated
with BMD in a large female cohort investi-
gated in Spain (Lavado-Garcia et al., 2018).
Overall, however, evidence is still low that di-
etary supplementation with omega-3 (n-3)
PUFA has a real beneficial effect on BMD in
human studies — for review see (Orchard et
al., 2012).

CONCLUSION

In this study, the observed alterations in
the fatty acid composition contained specific
SAT, MUFA, and PUFA, which in combina-
tion gave a characteristic pattern for patients
with normal BMD, osteopenia, and osteopo-
rosis. The selective markers for their differen-
tiation differ between plasma, RBM, and
YBM and partly correlated with osteoclast ac-
tivity, suggesting a possible mechanism how
these fatty acids may interfere with BMD.
The observation that there was no general cor-
relation between the T-scores and the plasma
levels of the measured fatty acids, however, a
screening based on these parameters reliably
identified patients with osteopenia and osteo-
porosis, suggests that there is not a single fatty
acid that can be claimed for controlling BMD.
The overall, positive effects of omega-3 (n3)
fatty acids on BMD observed in rodents stud-
ies, could be explained by the genetic homo-
geneity of the animals (Jiao et al., 1990). The
genetic variability in humans should be con-
sidered, especially, when dietary supplemen-
tation with fatty acids is attempted (Garcia-
Rios et al., 2012).
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