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Abstract
Summary The plasma n-3 fatty acid level was 26.2% lower in patients with osteoporotic hip fracture than in those with
osteoarthritis. In all patients, n-3 fatty acid was positively associated with bone mineral density and inversely associated with
tartrate-resistant acid phosphatase-5b level in bone marrow aspirates, reflecting the bone microenvironment.
Introduction Despite the potential beneficial role of n-3 fatty acid (FA) on bone metabolism, the specific mechanisms
underlying these effects in humans remain unclear. Here, we assessed whether the plasma n-3 level, as an objective
indicator of its status, is associated with osteoporosis-related phenotypes and bone-related markers in human bone marrow
(BM) samples.
Methods This was a case-control and cross-sectional study conducted in a clinical unit. n-3 FA in the blood and bone biochemical
markers in the BM aspirates were measured by gas chromatography/mass spectrometry and immunoassay, respectively. BM
fluids were collected from 72 patients who underwent hip surgery because of either osteoporotic hip fracture (HF; n = 28) or
osteoarthritis (n = 44).
Results After adjusting for confounders, patients with HF had 26.2% lower plasma n-3 levels than those with osteoarthritis (P =
0.006), and each standard deviation increment in plasma n-3 was associated with a multivariate-adjusted odds ratio of 0.40 for
osteoporotic HF (P = 0.010). In multivariate analyses including all patients, a higher plasma n-3 level was associated with higher
bone mass at the lumbar spine (β = 0.615, P = 0.002) and total femur (β = 0.244, P = 0.045). Interestingly, the plasma n-3 level
was inversely associated with the tartrate-resistant acid phosphatase-5b level (β = − 0.633, P = 0.023), but not with the bone-
specific alkaline phosphatase level, in BM aspirates.
Conclusions These findings provide clinical evidence that n-3 FA is a potential inhibitor of osteoclastogenesis that favors human
bone health.
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Introduction

The n-3 and n-6 fatty acids (FAs), which are subclasses of
polyunsaturated FAs (PUFAs), have received attention because
of their role inmetabolic health. Although both n-3 and n-6 FAs
are considered to be essential nutrients because they cannot be
synthesized in mammals (including humans) and must be ob-
tained from the diet, they are distinguished based on the loca-
tion of the first double bond. Importantly, endogenous conver-
sion between n-3 and n-6 FAs is impossible, and these mole-
cules compete for incorporation into target tissues and metab-
olism by common enzymes because of their chemically similar
structures [1, 2]. These characteristics of n-3 and n-6 FAs may
contribute to their opposing health effects in humans.
Specifically, n-3 FA shows beneficial effects against chronic
metabolic diseases such as obesity, diabetes, and cardiovascular
diseases, possibly through its anti-inflammatory and anti-
thrombotic properties [3–5]. In contrast, the effects of n-6 FA
on cardiometabolic outcomes are generally considered to be
harmful; however, the evidence is relatively less clear [6, 7].

There is considerable evidence from in vitro and animal
studies supporting the pivotal role of PUFAs, particularly n-
3 FA, in bone metabolism [8–12]. However, several epidemi-
ological studies assessing the association between dietary n-3
FA and fracture risk have yielded conflicting results, with
some showing an inverse association and others showing no
association [13–16]. Such inconsistencies may be attributable
to the highly heterogeneous ingredients in dietary supple-
ments such as fish oil, which contains many other bioactive
components [17] that may also affect bone metabolism. The
possible recall or misreporting bias of dietary questionnaires
and limited accuracy also likely contributes to these discrepant
results. Therefore, analyzing PUFA levels using reliable
methods in biological samples would be more appropriate
for objectively investigating the relationship of these FAs with
human bone health. Furthermore, despite recognition of the
potential roles of n-3 and n-6 FAs on bone, the detailed mech-
anisms underlying these effects have not been thoroughly ex-
amined in humans. As one of the efforts to clarify these issues,
in this case-control and cross-sectional study, we assessed
whether the plasma levels of n-3 and n-6 FAs and their ratio
significantly differed between patients with osteoporotic hip
fracture (HF) and osteoarthritis, as well as determined their
associations with bone mass and bone biochemical markers
measured in bone marrow (BM) samples in all patients.

Materials and methods

Study participants and protocol

The study population consisted of consecutive patients aged
65 years or older who underwent hip surgery at the

Department of Orthopedic Surgery, Asan Medical Center
(Seoul, Korea) between November 2012 and December
2013. All patients had hip surgery because of either osteopo-
rotic HF or osteoarthritis. Patients who had taken drugs that
could affect bone metabolism for more than 6 months or with-
in the previous 12 months before hip surgery, such as bisphos-
phonate, systemic glucocorticoids, or hormone replacement
therapy, were excluded. Patients with diseases that may result
in the development of secondary osteoporosis, such as hyper-
thyroidism or rheumatoid arthritis, were also excluded.
Patients were excluded if they had a fever (oral temperature
≥ 38.0 °C) or abnormal findings on complete blood counts of
leukocytes (< 4.0 or > 10.0 × 109/L) or platelets (< 150 or >
350 × 109/L). Abnormal liver or kidney functions were also
considered to be exclusion factors. These criteria were used to
rule out systemic illness. Finally, patients with fractures con-
sidered to be non-osteoporotic, such as those owing to motor
vehicle accidents or falls from a standing height or higher,
were excluded [18]. Among the 102 eligible participants not
satisfying any of the detailed exclusion criteria, blood and BM
samples were simultaneously collected during hip surgery
from 72 patients after obtaining their consent. Consequently,
28 cases and 44 controls defined as patients with osteoporotic
HF and with osteoarthritis, respectively, were finally enrolled
in our study.

We obtained patient information using a questionnaire
assessing smoking (current smoker), alcohol intake (≥ 3 U/
day), and history of medication use, previous medical or sur-
gical procedures, and reproductive status (including menstru-
ation). We also collected information related to the history of
previous osteoporotic fractures through an interviewer-
assisted questionnaire.

This study was approved by the Institutional Review Board
of Asan Medical Center and was conducted according to the
Ethical Principles for Medical Research Involving Human
Subjects as defined by the Helsinki Declaration.

Measurement of plasma n-3 and n-6 FAs

Fasting venous blood samples were obtained from all patients.
After sample centrifugation at 3000 rpm for 5 min at 4 °C, we
carefully collected the supernatants to exclude the cell com-
ponents. All samples that exhibited hemolysis or clotting were
discarded. To determine the concentrations of FAs, 50 μL
plasma was combined and mixed well with 200 μL of a
chloroform/methanol mixture (1:2, v/v) and 50 μL of an inter-
nal standard solution (0.1 mg/mL myristic acid-d14). After
centrifugation at 2000×g for 15 min, the lower organic phase
was collected and dried. The dried sample was hydrolyzed
with 200 μL of 0.5 M KOH in MeOH at 80 °C for 30 min,
cooled to room temperature, and then reacted with 200 μL of
12% (w/w) BCl3-MeOH (Sigma-Aldrich, St. Louis, MO,
USA) at 60 °C for 30 min. Subsequently, 100 μL of H2O
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and 100 μL of hexane were added sequentially and mixed
vigorously. After 5 min of rest, the upper lipid phase was
collected and added to 20–30 mg of anhydrous sodium sulfate
to remove traces of water, and the supernatant was subjected
to gas chromatography/mass spectrometry analysis. FA meth-
yl esters (Sigma-Aldrich) without derivatization were used to
generate calibration curves. The concentration of n-3 FAwas
calculated by summing the eicosapentaenoic acid (C20:5 n-3)
and docosahexaenoic acid (C22:6 n-3) contents, and the con-
centration of n-6 FA was calculated by summing the linoleic
acid (C18:2 n-6), arachidonic acid (C20:4 n-6), and
eicosatrienoic acid (C20:3 n-6) contents. The inter-assay co-
efficients of variation (CVs) for C18:2 n-6, C20:3 n-6, C20:4
n-6, C20:5 n-3, and C22:6 n-3 were less than 5% with few
exceptions, and all values were within the acceptable criterion
of 15% for reproducible assays [19] (Supplemental Table 1).

Biochemical measurement in BM samples

BM fluids were collected during hip surgery. After sample
centrifugation at 3000 rpm for 5 min at 4 °C, we carefully
collected the supernatants to exclude the cell components.
All samples showing hemolysis or clotting were
discarded. The following bone biochemical markers were
measured in BM samples with immunoassay kits: tartrate-
resistant acid phosphatase 5b (TRAP-5b; Cat# SB-
TR201A, Immunodiagnostic Systems, Scottsdale, AZ,
USA), bone-specific alkaline phosphatase (BSALP; Cat#
MBS262250, MyBioSource, San Diego, CA, USA), oste-
oprotegerin (OPG; Cat# ab100617, Abcam, Cambridge,
MA, USA), and receptor activator of nuclear factor-κB
ligand (RANKL; Cat# K1016, Immunodiagnostic
Systems). The inter- and intra-assay CVs for each assay
were as follows: TRAP-5b < 9% and < 9%, BSALP <
12% and < 8%, OPG < 12% and < 10%, and RANKL <
9.3% and < 3.5%, respectively.

Measurement of bone mineral density

Areal bone mineral density (BMD; g/cm2) was measured in
the lumbar spine (L1–L4) and proximal femurs (femur neck
and total femur) by dual-energy X-ray absorptiometry with a
Lunar system (Prodigy, Madison,WI, USA), software version
9.30.044. The precision values of the equipment, presented as
CVs, were 0.67% and 1.25% for the lumbar spine and femur
neck, respectively, in 17 volunteers who were not enrolled in
the study. Each volunteer underwent five scans on the same
day, getting on and off the table between examinations. In
addition to the absolute values, BMD was also expressed as
the Z-score and T-score, which are defined as the number of
standard deviations (SDs) above or below the mean for
healthy subjects of the same sex and age and for a healthy
30-year-old adult, respectively.

Statistical analysis

All data are presented as the means ± SD or as numbers and
percentages, unless otherwise specified. The baseline charac-
teristics of the study population according to the status of
osteoporotic HF and osteoarthritis were compared using
Student’s t tests for continuous variables and chi-square tests
for categorical variables. The multivariate-adjusted least-
square mean levels with 95% confidence intervals (CIs) of
n-3 and n-6 FAs and their ratio in terms of the presence of
osteoporotic HF were estimated and compared by analysis of
covariance after adjusting for potential confounders. These
confounding variables were selected based on their clinical
relevance. Consequently, the base adjustment model included
sex, age, and body mass index (BMI), while the multivariate
adjustment model included sex, age, BMI, smoking status,
alcohol intake, 25-hydroxyvitamin D3 (25-OH-D3), and his-
tory of previous osteoporotic fracture. To generate odds ratios
(ORs) with 95% CIs for osteoporotic HF according to the
plasma levels of n-3 and n-6 FAs and their ratio, we performed
multiple logistic regression analyses after adjusting for con-
founding variables. To investigate the associations of plasma
levels of n-3 and n-6 FAs and their ratio with BMD and bone-
related markers measured in BM samples in all patients, we
performed multiple linear regression analyses with the Enter
method. All statistical analyses were performed using SPSS
version 18.0 (SPSS, Inc., Chicago, IL, USA). Differences
were considered statistically significant at P < 0.05.

Results

The baseline characteristics of the study participants are
shown in Table 1. Among the 28 cases with osteoporotic HF
and 44 controls with osteoarthritis, 21 (75.0%) and 29 (65.9%)
were women, respectively. The mean ages of cases and con-
trols were 78.3 ± 9.1 years (range = 65–95 years) and 72.0 ±
5.3 years (range = 65–90 years), respectively. There were no
significant differences in weight, height, BMI, smoking status,
alcohol intake, history of osteoporotic fracture and myocardial
infraction, and serum 25-OH-D3 level between groups. The
TRAP-5b level in BM aspirates was markedly higher in the
cases than in the controls, whereas differences in the BSALP
level and RANKL/OPG ratio in BM samples between groups
were not significant. Not only absolute BMD values (Table 1)
but also Z- and T-scores (Supplemental Table 2) at the lumbar
spine and proximal femurs were significantly lower in patients
with HF than in those without HF.

After adjusting for sex, age, and BMI, patients with osteo-
porotic HF had a 26.7% lower plasma n-3 level and 39.9%
higher plasma n-6/n-3 ratio than those with osteoarthritis
(Fig. 1). These differences remained statistically significant
after additional adjustment for smoking status, alcohol intake,
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previous osteoporotic fracture, and serum 25-OH-D3 level.
However, the plasma n-6 level was not significantly different
between patients with and without osteoporotic HF in any of
the adjustment models.

In the base adjustment model, the ORs per SD increment in
plasma n-3 level and per increment in the plasma n-6/n-3 ratio
for osteoporotic HF were 0.39 and 1.51, respectively
(Table 2). Even after adjusting for all potential confounders,
each SD increment in the plasma n-3 level and each increment
in the plasma n-6/n-3 ratio were associated with multivariate-
adjusted ORs of 0.40 and 1.53 for osteoporotic HF, respec-
tively. However, the OR for HF according to the plasma n-6
level was not statistically significant.

Multiple linear regression analyses were performed to exam-
ine the association of plasma levels of n-3 and n-6 FAs and their
ratio with BMD (Table 3). After adjusting for sex, age, and
BMI, the plasma n-3 level was positively associated with the
BMD values at the lumbar spine and total femur, and the sig-
nificance at these sites remained even after adjustment for all
potential confounders. In both the base and multivariate

adjustment models, the plasma n-6/n-3 ratio was inversely cor-
relatedwith the BMDvalues at the lumbar spine and total femur.
Additionally, a higher n-6/n-3 ratio tended to be associated with
a lower femur neck BMD, although it did not reach statistical
significance. However, no correlations were found between
plasma n-6 level and BMD values at any site, regardless of the
adjustment model used.Whenwe adopted the Z- (Supplemental
Table 3) or T-score (data not shown), rather than the BMD
value, as the dependent variable in multiple linear regression
analyses, the associations of the plasma n-3 FA level and n-6/
n-3 ratio with bone mass parameters were still significant.

Finally, to elucidate the possible mechanisms explaining
the effects of n-6 and n-3 FAs in human bone metabolism,
we investigated their associations with the levels of TRAP-
5b and BSALP, as well as the RANKL/OPG ratio in BM
samples (Table 4). After adjusting for sex, age, and BMI, the
plasma n-3 level and plasma n-6/n-3 ratio were inversely and
positively associated with the TRAP-5b level in BM aspirates,
respectively, and these significant associations persisted after
considering all potential confounders. However, there was no

Table 1 Baseline characteristics
in patients with osteoporotic HF
and osteoarthritis

Variables Patients with HF
(n = 28)

Patients with osteoarthritis
(n = 44)

P

Sex, no. (%) 0.414

Female 21 (75.0) 29 (65.9)

Male 7 (25.0) 15 (34.1)

Age (years) 78.3 ± 9.1 72.0 ± 5.3 0.002

Weight (kg) 56.7 ± 11.7 57.9 ± 8.9 0.626

Height (cm) 155.0 ± 8.6 154.6 ± 8.1 0.838

Body mass index (kg/m2) 23.6 ± 4.4 24.2 ± 3.1 0.498

Current smoker, no. (%) 4 (14.3) 7 (15.9) 0.852

Alcohol intake ≥ 3 U/day, no. (%) 3 (10.7) 8 (18.2) 0.391

Previous osteoporotic Fx, no. (%) 6 (21.4) 5 (11.4) 0.247

Hx of myocardial infraction, no. (%) 2 (7.1) 2 (4.5) 0.640

Serum 25-OH-D3 (ng/mL) 18.3 ± 9.7 21.4 ± 11.0 0.229

Bone mineral density (g/cm2)

Lumbar spine 0.818 ± 0.181 1.003 ± 0.236 0.002

Femur neck 0.644 ± 0.127 0.845 ± 0.192 < 0.001

Total femur 0.665 ± 0.132 0.850 ± 0.143 < 0.001

Bone-related markers in BM samples

TRAP-5b (U/L) 4.15 ± 2.44 2.75 ± 1.79 0.008

BSALP (ng/mL) 194.8 ± 49.3 201.6 ± 46.4 0.573

RANKL/OPG ratio 189.0 ± 766.9 55.5 ± 302.4 0.315

Plasma n-3 (μg/μL) 0.253 ± 0.098 0.367 ± 0.134 < 0.001

Plasma n-6 (μg/μL) 1.393 ± 0.280 1.329 ± 0.291 0.356

Plasma n-6/n-3 ratio 6.24 ± 2.31 4.18 ± 1.91 < 0.001

Values are presented as the mean ± standard deviation unless otherwise specified. Italicized values are statistically
significant

HF, hip fracture; Fx, fracture; 25-OH-D3, 25-hydroxyvitamin D3; Hx, history; BM, bone marrow; TRAP, tartrate-
resistant acid phosphatase; BSALP, bone-specific alkaline phosphatase; RANKL, receptor activator of nuclear
factor-κB ligand; OPG, osteoprotegerin
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correlation between the plasma n-6 level and TRAP-5b level
in BM samples. Furthermore, neither the plasma levels of n-6
and n-3 FAs nor the plasma n-6/n-3 ratio was associated with
the BSALP level and RANKL/OPG ratio in BM aspirates.

Although the major strength of this study is that we used
BM samples to analyze bone biochemical markers, we also
investigated the associations between plasma n-3 and bone
turnover markers in the peripheral blood. After adjusting for
confounders, the plasma n-3 level was inversely correlated
with the serum C-terminal telopeptide of type I collagen level,
a bone resorption marker (regression coefficient = − 0.249,
P = 0.037), but not with the serum osteocalcin level, a bone
formation marker (P = 0.327).

Discussion

Among Korean patients from whom both blood and BM sam-
ples were collected during hip surgery, we found that a higher
plasma n-3 level was significantly associated with a lower OR
for osteoporotic HF and with a higher bone mass after statis-
tical adjustment of confounders. Importantly, the plasma n-3
level was inversely related to the TRAP-5b level, an osteoclast
differentiation marker, in BM aspirates, reflecting the bone
microenvironment. To the best of our knowledge, no previous
study has simultaneously used both blood and BM samples in
terms of analyses of PUFAs and bone health in humans.
Moreover, this is the first study to provide clinical evidence

Fig. 1 Differences in the plasma levels of n-3 and n-6 fatty acids and their
ratio according to the osteoporotic hip fracture and osteoarthritis status.
After adjusting for confounders, the estimated means with 95% confi-
dence intervals were generated and compared by analysis of covariance
(ANCOVA). *Statistically significantly different from the control by

ANCOVA. Base model (a): adjusted for sex, age, and body mass index.
Multivariate model (b): adjusted for sex, age, body mass index, smoking
status, alcohol intake, 25-hydroxyvitamin D3, and history of previous
osteoporotic fracture. HF, hip fracture; OA, osteoarthritis

Table 2 The odds ratios for
osteoporotic hip fracture
according to plasma levels of n-3
and n-6 fatty acids and their ratio

Adjustment
model

OR (95% CIs), per
SD increment in
plasma n-3 level

P OR (95% CIs), per
SD increment in
plasma n-6 level

P OR (95% CIs), per
increment in plasma
n-6/n-3 ratio

P

Base 0.39 (0.20–0.78) 0.008 1.23 (0.73–2.08) 0.433 1.51 (1.13–2.03) 0.005

Multivariate 0.40 (0.20–0.80) 0.010 1.28 (0.73–2.22) 0.389 1.53 (1.14–2.08) 0.006

Italicized values are statistically significant. Base model: adjusted for sex, age, and body mass index. Multivariate
model: adjusted for sex, age, bodymass index, smoking status, alcohol intake, 25-hydroxyvitamin D3, and history
of previous osteoporotic fracture

OR, odds ratio; CI, confidence interval; SD, standard deviation
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that n-3 FA may play a beneficial role as an inhibitor of oste-
oclastogenesis on human bone metabolism, which may con-
tribute to decreasing osteoporotic fractures.

Although epidemiologic research has been performed to
assess the potential role of PUFAs, mainly estimated using
a food frequency questionnaire (FFQ), on human bone
health [13–16, 20], the results are largely inconsistent,
which is most likely due to the methodological limitations
of the FFQ. Therefore, there has been an increasing need
for identification of a reliable FA biomarker reflecting die-
tary or supplementary FA intake. Analysis of PUFAs in the
adipose tissue can serve this purpose well, with estimates of
the half-life of FAs ranging from 6 months to 2 years [21,

22]. However, this invasive method requires biopsy and
thus is unrealistic for clinical use. Measurement of PUFAs
in the plasma and red blood cells (RBCs) may be another
alternative, as blood collection is relatively simple and
blood samples can be allocated for other biochemical anal-
yses [23]. Although the optimal biomarker for reflecting
usual FA intake remains controversial, measurement of
FAs in both plasma and RBCs is regarded as an objective
measure of FAs available to peripheral tissues [23–25].
However, the preparation of washed RBCs exceeds the cost
of isolating the plasma, and thus, the measurement of FAs
in the plasma may be a more clinically feasible approach
for routine practice.

Table 3 The association of plasma levels of n-3 and n-6 fatty acids and their ratio with bone mineral density

Plasma n-3 level Plasma n-6 level Plasma n-6/n-3 ratio

β SE β P β SE β P β SE β P

Base model

Lumbar spine BMD 0.588 0.198 0.339 0.005 − 0.038 0.104 − 0.043 0.713 − 0.033 0.011 − 0.342 0.004

Femur neck BMD 0.199 0.152 0.136 0.196 − 0.015 0.067 − 0.022 0.825 − 0.017 0.009 − 0.198 0.062

Total femur BMD 0.246 0.116 0.199 0.038 − 0.031 0.052 − 0.054 0.557 − 0.017 0.007 − 0.236 0.015

Multivariate model

Lumbar spine BMD 0.615 0.193 0.354 0.002 − 0.019 0.103 − 0.021 0.854 − 0.035 0.011 − 0.359 0.002

Femur neck BMD 0.199 0.156 0.136 0.208 − 0.010 0.069 − 0.014 0.889 − 0.017 0.009 − 0.203 0.062

Total femur BMD 0.244 0.119 0.197 0.045 − 0.036 0.053 − 0.062 0.504 − 0.018 0.007 − 0.253 0.010

Italicized values are statistically significant. Base model: adjusted for sex, age, and body mass index. Multivariate model: adjusted for sex, age, body
mass index, smoking status, alcohol intake, 25-hydroxyvitamin D3, and history of previous osteoporotic fracture

β, unstandardized regression coefficient; SE, standard error; β, standardized regression coefficient

Table 4 The association of plasma levels of n-3 and n-6 fatty acids and their ratio with bone-related markers measured in bone marrow aspirates

Plasma n-3 level Plasma n-6 level Plasma n-6/n-3 ratio

β SE β P β SE β P β SE β P

Base model

BM aspirates

TRAP-5b − 0.699 0.266 − 0.327 0.011 0.025 0.122 0.026 0.838 0.042 0.016 0.337 0.009

BSALP − 0.056 0.100 − 0.074 0.576 − 0.044 0.043 − 0.126 0.316 0.003 0.006 0.078 0.564

RANKL/OPG ratio − 1.992 1.239 − 0.211 0.113 − 0.222 0.552 − 0.051 0.689 0.111 0.073 0.202 0.135

Multivariate model

BM aspirates

TRAP-5b − 0.633 0.272 − 0.296 0.023 0.037 0.124 0.037 0.768 0.039 0.016 0.315 0.018

BSALP − 0.030 0.101 − 0.040 0.763 − 0.039 0.044 − 0.114 0.371 0.002 0.006 0.035 0.799

RANKL/OPG ratio − 2.188 1.282 − 0.232 0.093 − 0.257 0.572 − 0.059 0.655 0.121 0.076 0.221 0.117

The levels of TRAP-5b andBSALP and RANKL/OPG ratio were log-transformed because of their skewed distributions. Italicized values are statistically
significant. Base model: adjusted for sex, age, and bodymass index.Multivariate model: adjusted for sex, age, bodymass index, smoking status, alcohol
intake, 25-hydroxyvitamin D3, and history of previous osteoporotic fracture

β, unstandardized regression coefficient; SE, standard error; β, standardized regression coefficient; BM, bone marrow; TRAP, tartrate-resistant acid
phosphatase; BSALP, bone-specific alkaline phosphatase; RANKL, receptor activator of nuclear factor-κB ligand; OPG, osteoprotegerin
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A literature search revealed two clinical studies that inves-
tigated the relationship of the plasma or RBC n-3 FA level
with fracture. In a recent longitudinal study of 1438 partici-
pants, Harris et al. [26] reported that a greater plasma n-3 FA
concentration was associated with a lower osteoporotic frac-
ture risk in older adults, particularly in men. A similar result
was obtained in the Women’s Health Initiative study showing
that a higher RBC n-3 FA level may predict a lower hip frac-
ture risk [27]. Furthermore, we found that the plasma n-3 level
was significantly lower in patients with osteoporotic HF and
positively associated with BMD. Collectively, these results
consistently indicate a positive correlation between the n-3
FA level and human osteoporosis-related phenotypes.

There are several possible explanations for the role of n-3
FA in bone metabolism, such as the modulation of calcium
absorption, prostaglandin synthesis, and lipid oxidation [8].
Moreover, in vitro and animal studies indicated that n-3 FA
can directly act to both increase bone formation and decrease
bone resorption [8, 9, 28]. However, the specific mechanisms
by which n-3 FA positively affects human bone health remain
unclear. In the present study, we demonstrated that a higher
plasma n-3 level was associated with a lower TRAP-5b level,
but not BSALP level, in BM samples. Furthermore, the sta-
tistical significance of the inverse correlation between the
plasma n-3 FA level and RANKL/OPG ratio in BM aspirates
was marginal in the multivariate model. Taken together, these
results suggest that the main effects of n-3 FA in human bone
metabolism could be mediated through the direct inhibition of
osteoclastogenesis and bone resorption rather than the in-
crease of bone formation or the regulation of RANKL or
OPG secretion from osteoblasts.

In our efforts to further elucidate the potential role of n-3
FA in human bone, we measured the levels of TRAP-5b,
BSALP, RANKL, and OPG in the BM samples rather than
in the peripheral blood. Drake et al. [29] compared the corre-
lation between the levels of these markers in the peripheral
blood and BM fluids in humans. Despite the strong relation-
ship between circulating and BM levels of sclerostin, the as-
sociations between the blood and BM levels of TRAP-5b,
BSALP, and OPG were considerably weaker. Even RANKL
was not detectable in the peripheral blood of most samples.
Consequently, measurement of these bone markers in the pe-
ripheral blood may not accurately represent the bone micro-
environment and thus may be inappropriate in a human mech-
anism study related to bone. We believe that the use of BM
samples in this clinical study is the major strength of our study.

Although a possible role for n-3 FA in bone metabolism
has long been recognized, the specific receptor involved in
these effects was only recently identified. An animal study
using genetically engineered mice revealed that free fatty acid
receptor 4 (FFA4; also known as GPR120) mediates the anti-
osteoporotic effects of n-3 FA [28]. However, from a clinical
perspective, the amount of n-3 FA–enriched fish oils that

would have to be consumed to sustain chronic agonism of
FFA4 is likely too high to be practical in daily life [30, 31].
Therefore, the identification of FFA4 as a central mediator of
the effects of n-3 FAs on human metabolism bypasses the
need to ingest large amounts of n-3 FA supplements by pro-
viding the possibility of developing high-affinity small-mo-
lecular agonists of FFA4.

Several potential limitations should be considered when
interpreting our data. Importantly, because this was a case-
control and cross-sectional study, we could not determine
whether a causal relationship exists between the plasma n-3
FA level and osteoporosis-related phenotypes. Second, be-
cause of the difficulties in obtaining BM samples, our sample
size was relatively small and thus the conclusion may be less
convincing; however, as described above, this is a unique
cohort fromwhich blood and BM samples were simultaneous-
ly collected. Third, supplementary and dietary FA intakes
were not evaluated in this study. The lack of this information
could be a confounding factor in terms of blood FA levels,
because patients with osteoarthritis may perhaps be consum-
ing more supplementation such as fish oil. Fourth, bone turn-
over markers, including TRAP-5b, can remain elevated up to
4 months after an acute fracture, and thus, this may be a con-
founding factor, especially in patients with HF. Future longi-
tudinal studies would be important to understand the dynamic
role of TRAP-5b in these fractures. Finally, our study popula-
tion consisted of patients who visited a referral hospital and
therefore may not be representative of the general population
and may have resulted in selection bias.

In conclusion, we demonstrated that the plasma n-3 level
was lower in patients with osteoporotic HF than in those with
osteoarthritis and that a higher circulating n-3 FA level was
correlated with a higher BMD and lower level of TRAP-5b,
but not BSALP, in BM aspirates. These results suggest that the
positive association of the n-3 FA level with bone phenotypes
may be mainly explained by the decrease in osteoclastogene-
sis and bone resorption in humans.
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