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Abstract

A diet rich in omega-3s has previously been suggested to prevent bone loss. However, evidence for this has been limited by short exposure to omega-3 fatty
acids (FAs). We investigated whether a diet enriched in eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA) for the entire adult life of mice could
improve bone microstructure and strength. Thirty female mice received a diet enriched in DHA or EPA or an isocaloric control diet from 3 to 17 months of age.
Changes in bone microstructure were analyzed longitudinally and biomechanical properties were analysed by a three-point bending test. Bone remodelling was
evaluated by markers of bone turnover and histomorphometry. Trabecular bone volume in caudal vertebrae was improved by EPA or DHA at 8 months (+26.6%
and +17.2%, respectively, compared to +3.8% in controls, P=.01), but not thereafter. Trabecular bone loss in the tibia was not prevented by omega-3 FAs (BV/TV
−94%, −93% and −97% in EPA, DHA and controls, respectively). EPA improved femur cortical bone volume (+8.1%, Pb.05) and thickness (+4.4%, Pb.05)
compared to controls. EPA, but not DHA, reduced age-related decline of osteocalcin (−70% vs. −83% in controls, Pb.05). EPA and DHA increased leptin
levels (7.3±0.7 and 8.5±0.5 ng ml−1, respectively, compared to 4.5±0.9 ng ml−1 in controls, P=.001); however, only EPA further increased IGF-1 levels
(739±108 ng ml−1, compared to 417±58 ng ml−1 in controls, P=.04). These data suggest that long-term intake of omega-3 FA, particularly EPA, may modestly
improve the structural and mechanical properties of cortical bone by an increase in leptin and IGF-1 levels, without affecting trabecular bone loss.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Loss of bonemineral density (BMD) and increased fracture risk are
common characteristics of the aging process. As average life
expectancy continues to increase, the need to develop new strategies
to prevent osteoporosis and fragility fractures is growing [1]. Dietary
modifications may be considered a primary target to minimize bone
loss and fragility [2].

Several epidemiological studies have shown a lower incidence of
fractures in Mediterranean countries [3,4] and have suggested an
association between the Mediterranean diet, which is rich in omega-3
FA and contains relatively low amounts of omega-6 fatty acid (FA),
and a lower rate of bone loss in older adults [5–7]. However, this
association may be confounded by a number of lifestyle-related
factors, such as the level of physical activity, sun exposure and
ensuing vitamin D levels and calcium intake. Nevertheless, long chain
polyunsaturated FAs and their metabolites, best known for their
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cardioprotective role, can regulate bone metabolism [8,9] and may
potentially play a role in the prevention of osteoporosis.

The Western diet contains predominantly saturated FAs and
omega-6 FAs, whereas the content of omega-3 FAs is fairly low. There
is increasing evidence that a high omega-6/omega-3 ratio favours
bone loss in both rodents [10,11] and humans [12]. Compared to corn
oil, which is rich in n-6 FAs, fish oil (FO) is rich in omega-3 FA and has
been shown to have beneficial effects on bone [13] and to prevent
bone loss in ovariectomized rodents [14,15].

There are several biological pathways whereby FO may regulate
bone metabolism, including decreased expression of prostaglandins
(PGE2) and of the major osteoclast differentiation factor, receptor
activator for nuclear factor κ B ligand (RANKL), which is produced by
both osteoblasts [16] and T cells [14,17]. Moreover, FO may modulate
a number of pro-inflammatory cytokines, increase production of
insulin-like growth factor-I (IGF-1) and improve calcium accretion in
bone [13]. Consequently, it has been proposed that omega-3 FAs could
prevent age-related bone loss by inhibiting osteoclastogenesis while
improving osteoblast differentiation and function [18]. The effect of
omega-3 FAs on the skeleton seems to be further dependent on the
ratio between the two main omega-3 FAs: eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). EPA is the major long-chain
omega-3 FA present in FO [19] and has been most commonly used for
in vivo studies. EPA has also been suggested to prevent fat mass gain
with age and could thereby be more efficient than DHA in preventing
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trabecular bone loss [20]. In contrast, in vitro studies demonstrated
that DHA inhibits osteoclast differentiation, activation and function
by inhibiting PGE2 more potently than EPA [21]. Moreover, omega-3
FAs, particularly DHA, enhance calcium absorption by modifying the
lipid composition of the intestinal cell membrane and decreasing
intestinal calcium loss [22–24]. Finally, the only in vivo experiment
that compared the effects of EPA compared to DHA on the skeleton in
ovariectomized rats showed a greater prevention of femoral and
lumbar spine BMD loss over 4 months with DHA [25].

These observations provide a strong rationale for the study of
long-term supplementation with polyunsaturated FA on the age-
related changes in bone mass, microstructure and strength. With age,
mice lose BMD [26] and cancellous bone volume and show decreased
cortical thickness in the appendicular skeleton [27] These changes are
similar to the age-related changes in bone mass and microstructure
observed in humans [28]. However, cortical bone size and cross-
sectional moment of inertia (CSMI) progressively increase with age in
mice, reflecting the continuous growth in this species, contrasting
with the decrease of CSMI observed as humans age [29,30].

This suggests that the influence of omega-3 FAs on the skeleton
could differ according to age depending on the level of bone turnover.
The present study was designed to test the hypothesis that a diet
supplemented with omega-3 FAs (EPA or DHA) would reduce
trabecular bone loss and/or cortical thinning that occurs as a result
of ageing in intact animals. A 14-month study of female mice was
undertaken to examine the long-term effect of the twomain omega-3
FAs (EPA and DHA) on bonemetabolism, microstructure and strength
of the appendicular and axial skeleton. We show here that lifelong
supplementation with EPA and, to a lesser extent, DHA exerts modest
and nonsustained effects on trabecular bone. However, EPA and DHA
supplementation does have some beneficial effects on cortical bone
structure and strength.
2. Methods and materials

2.1. Animals

Thirty-eight, 8-week-old female C57BL/6J mice were obtained from Harlan.
Weight-matched mice were housed in a laboratory animal care facility in cages (five
mice/cage) and fed a standard pellet diet for 4 weeks. At 12 weeks of age, mice were
divided into three dietary groups (n=10 per group) and fed diets enriched with EPA,
DHA or with bovine fat for the control group (KLIBA NAFAG mod 2222 AIN93G;
Supplemental Table S1). The eight remaining mice were sacrificed at 12 weeks of age to
characterize the baseline bone phenotype at baseline. Isocaloric intakes were ensured
by the addition of bovine fat (55% saturated FA, 40% mono-unsaturated FA and 10%
polyunsaturated FA, i.e., omega-6; Supplemental Table S2) in the control diet, thus
providing the same energy intake.

The diet enriched in DHA contains 0.13 mg of DHA and 0.04 mg of EPA per gram of
diet, the diet enriched in EPA contains 0.14 mg of EPA and 0.02 mg of DHA per gram of
diet, and the control diet contained only traces of DHA or EPA (Supplemental Tables S2
and S3). The percentage of omega-3 FA added to the diet was calculated on the basis of
a 3.5 g of food intake per day permouse, so that the FA supplementations correspond to
those recommended for humans. The estimated omega-3 intake per mouse per day is
therefore 0.455 mg of DHA and/or 0.49 mg of EPA, respectively. The omega-3 FA
preparation contained trace amounts of vitamin E to preserve the biological activity of
the FAs and to limit peroxidation. The stability of the diets has been controlled by the
provider ISONATURA (ref. notice, the diet is certified ISO 9001 and stable for 3 years).
Supplements were freshly prepared every 2 weeks, stored in aliquots at −20°C and
provided daily. Food intakes by the mice were measured weekly. Mice were
maintained on a 12-h light/dark cycle at an ambient temperature of 22–25°C. All
mice were sacrificed at the age of 17 months, following the observation of two
spontaneous deaths in the control group.

Animal procedures were approved by the University of Geneva School of Medicine
Ethical Committee and by the State of Geneva Veterinarian Office.
2.2. In vivo measurement of BMD and body composition

Lean body mass, body fat mass, total body mass, femoral and spinal BMD (g cm−2)
were measured in vivo at baseline and after 3, 5.5, 8, 12.5 and 17 months by dual-
energy X-ray absorptiometry (PIXImus2, GE lunar, Madison, WI, USA) [31].
2.3. In vivo measurement of morphology and microarchitecture

A high-resolution in vivo microcomputed tomography system (microCT Skyscan
1076, Skyscan, Aartselaar, Belgium) was used to scan the left tibia and the caudal
vertebrae at 3, 8 and 17 months of age. The in vivo microCT system consists of an
X-ray source and detector rotating around the animal bed. The microCT machine is
equipped with a 100-kV X-ray source with a spot size of 5 μm. A scan lasted
approximately 20 min, resulting in shadow projections with a pixel size of 10 μm. A
modified Feldkamp algorithm, using undersampling to reduce noise, was applied to
the scan data, resulting in reconstructed 3D data sets with a voxel size of 20 μm [32].
The mice were scanned at baseline (3 months) and after 8 and 17 months of diets. A
detailed description and validation of the algorithm is published elsewhere [33].
Cortical and trabecular bones were separated manually with the CT analyzer software
(Skyscan, Aartselaar, Belgium). For the trabecular bone regions, we assessed the bone
volume fraction (BV/TV, %), trabecular thickness (TbTh, μm), trabecular number (TbN,
mm−1), trabecular spacing (TbSp, mm) and structural model index (SMI). The struc-
ture model index was measured to determine the prevalence of plate-like or rod-like
trabecular structures, where 0 represents “plates” and 3 “rods” [34]. For cortical bone
at the tibial midshaft, cortical tissue volume (CtTV, mm3), cortical bone volume (CtBV,
mm3), the marrow volume (BMaV, mm3) and the average cortical thickness (CtTh,
μm) were measured.
2.4. Histomorphometry

To measure dynamic indices of bone formation, mice received subcutaneous
injections of calcein (10 mg kg−1, Sigma, Buchs, Switzerland) 9 and 2 days before
euthanasia. Tibias were embedded in methyl-methacrylate (Merck, Switzerland), and
8-μm-thick transversal sections of the midshaft were cut with a Leica Corp. Polycut E
microtome (Leica Microsystems AG, Glattburg, Switzerland) and mounted unstained
for fluorescence evaluation. Five-micrometer-thick cross-sectional sections were cut in
the middle of the tibia and histomorphometric measurements were performed on the
endocortical and periosteal bone surfaces, using a Leica Corp. Q image analyser at 40×
magnification. All parameters were calculated and expressed according to standard
formulas and nomenclatures [35]: mineral apposition rate (MAR, μm day−1), single-
labelled cortical perimeter (sLS/BPm, %) and double-labelled cortical perimeter (dLS/
BPm, %). Mineralizing perimeter per bone perimeter (MPm/BPm, %) was calculated by
adding dLS/BPm and one-half sLS/BPm. Bone formation rate at the cortical region (BFR/
BPm, μm3 μm−2 day−1) was calculated as the product of MPm/BPm and MAR.
2.5. Testing of mechanical resistance

The night before mechanical testing, the bones were thawed slowly at 7°C
and then maintained at room temperature. The fibula was removed and the length
of the tibia (distance from intermalleolar to intercondylar region) was measured
using a calliper with electronic digital display, and the middle of the shaft was
determined. The tibia was then placed in the material testing machine on two
supports separated by a distance of 9.9 mm, and load was applied to the middle of
the shaft, thus creating a three-point bending test. The mechanical resistance to
failure was tested using a servo-controlled electromechanical system (Instron 1114,
Instron Corp., High Wycombe, UK) with actuator displaced at 2 mm min−1. Both
displacement and loadwere recorded. Ultimate force (maximal load, N), stiffness (slope
of the linear part of the curve, representing the elastic deformation, N mm−1) and
energy (surface under the curve, Nmm)were calculated. Ultimate stress (Nmm−2) and
Young's modulus (MPa) were determined by the equations previously described by
Turner and Burr [36].
2.6. Collection of serum

Blood from all mice was obtained by retro-orbital collection at baseline and after
6 and 14 months of diets. After centrifugation, serum was removed and stored at
−80°C until analysis. Serum TRACP5b (tartrate-resistant alkaline phosphatase form
5b) and osteocalcin were measured according to manufacturers' instructions (SBA
Sciences, Turku, Finland, and Biomedical Technologies, Inc., Stoughton, MA, USA,
respectively). IGF-I and leptin were measured in serum by immunoenzymometric
assay (IEMA) with a kit from Immunodiagnostic Systems (Paris, France) following
the manufacturer's instructions.
2.7. Data analysis

We first tested the effects of diet by a one-way ANOVA repeat measurements
with the type of diet as a factor. As appropriate, post hoc testing was performed
using Fisher's protected least squares difference (PLSD). Time comparisons between
diets with the control group were performed by two-way ANOVA. The P of
interaction between the diet and the time of experiment was only mentioned when
significant. Differences were considered significant at Pb.05. Data are presented as
mean±S.E.M.
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3. Results

3.1. Influence of diet on body weight, body composition and BMD

Mice were fed ad libitum with EPA, DHA or a control (isocaloric,
bovine-fat enriched) diet from 3 to 17 months of age. Overall, no
significant differences in food intake were observed between groups,
indicating that all the diets were well tolerated (Fig. 1). However, the
reduced food intake in controls vs. mice fed the omega-3 FAs that
appeared towards the end of the study (Fig. 1), as well as the death of
two control mice at 17 months of age, suggests that omega-3s could
improve the vitality and longevity of mice. By 5.5 months of age, the
EPA and DHA groups had a lower body weight compared to controls,
but these differences were not sustained. At 17 months of age,
animals fed EPA and DHA had a higher body weight than controls
(+11% and +8%, respectively, Pb.05). Percentage fat mass increased
in all groups with age and was higher in the DHA group at the end of
the study (+25% compared to controls, Pb.05) with a similar trend in
the EPA group.

Femoral BMD increased until 6 months of age, then plateaued
in all groups, with no significant difference among diets, although
BMD was slightly higher in the EPA group vs. controls (+4.6%,
nonsignificant). Lumbar spine BMD increased up to 8 months of
age in control and DHA groups, then decreased sharply in both
groups, resulting in a loss of −15.3% in DHA and −1.4% in controls
between 8 and 17 months of age. In contrast, in the EPA group
spine BMD remained constant between 3 and 17 months of age
and did not differ from the control group at the end of the study
(Fig. 2).
3.2. Influence of diet on age-related changes in trabecular
bone microarchitecture

Age-related changes in trabecular microarchitecture followed a
similar pattern in the proximal tibia and caudal vertebrae, although
in the tibia the loss of BV/TV and TbN occurred earlier and was more
dramatic (Fig. 3). Hence, the apparent increase of trabecular
Fig. 1. Food and EPA+DHA intakes in controls, DHA and EPA FA groups in mice from
3 to 17 months of age.

Fig. 2. Effects of DHA and EPA FAs on body composition and vertebral and femoral BMD.
Bars show the mean (±S.E.M.) measured at 3, 5.5, 8, 12.5 and 17 months of age in each
group (DHA, EPA and control, n=10 mice per group). (A) Body weight. (B) Percentage
of fat mass. (C) BMD in vertebrae. (D) BMD in total femur. P value for differences
between n-3 FA groups (1F-ANOVA, diet). ⁎, EPA vs. control; $, DHA vs. control; &, EPA
vs. DHA by post hoc Fisher's PLSD. Means±S.E.M.
thickness between 8 and 17 months in all groups may be an
indirect reflection of the absence of thin trabeculae. In the tibia, BV/
TV, TbN and TbTh did not significantly differ between diet groups at
any time point. In contrast, the age-related changes in trabecular
microarchitecture in caudal vertebrae were influenced by diet.
Vertebral BV/TV and TbN increased between 3 and 8 months of age
with EPA and DHA but not in controls (interaction between age and
diet, Pb.05, by 2F-ANOVA). Trabecular thickness also slightly
increased between 3 and 8 months with EPA or DHA vs. controls
(Supplemental Table S4). However, at 17 months of age, no
statistically significant interaction remained between age and diet,
indicating that the early benefits of EPA and DHA on vertebral
trabecular bone structure did not persist.

These age-related changes were confirmed by ex vivo microCT.
Cancellous bone structure in distal femur and lumbar spine was
significantly lower at 17 months vs. 3 months in all groups, without
significant effects from omega-3 FA diets (Table 1).

image of Fig. 2


Fig. 3. Effects of DHA and EPA FAs on trabecular bone microarchitecture of the vertebrae and proximal tibia. Bars show the mean (±S.E.M.) measured at 3, 8 and 17 months of age in
each group (DHA, EPA and control, n=10 mice per group). (A) Trabecular bone microarchitecture of the proximal tibia. (B) Trabecular bone microarchitecture of the vertebrae. Bone
volume on tissue volume (BV/TV), trabecular number (TbN, 1/mm) and trabecular thickness (TbTh, μm). P value for differences between n-3 FA groups (1F-ANOVA, diet). ⁎, EPA vs.
control; $, DHA vs. control by post hoc Fisher's PLSD. Means±S.E.M.
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3.3. Influence of diet on age-related changes in cortical
bone microarchitecture

Analysis of the midtibial diaphysis is shown in Fig. 4. Tissue
volume (TV) and CSMI increased continuously from 3 to 17months of
age in all groups, consistent with continuous periosteal bone
apposition (Fig. 4 and Table 1). Cortical bone volume significantly
increased between 3 and 8 months of age independently of the diet
and then remained constant to 17 months of age with DHA and
control diets. However, CtBV increased further with EPA supplemen-
tation. Moreover, CtTh, which slightly increased in all groups between
3 and 8 months and then decreased from 8 to 17 months of age,
decreased less in the EPA group. As a result, at 17 months of age,
CtBV and CtTh were significantly higher in the EPA vs. the control
group (Fig. 4).

These age-related changes were confirmed by ex vivo microCT of
the femur where CtTV and CtBV were greater at 17 months than at
3 months (Table 1). Moreover, at 17 months of age, microCT
confirmed a greater CtTV, CtBV and CtTh in the EPA compared to
the control group (+6.3%, +8.1% and+4.4%, respectively, Pb.05). The
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Table 1
Influence of DHA and EPA on femoral and vertebrae trabecular and cortical
microarchitecture

Baseline Control DHA EPA

Distal femur
BV/TV (%) 7.13±0.4 0.41±0.1 # 0.56±0.1 # 0.60±0.1 #

Conn D 49.61±6.9 0.29±0.1 # 0.21±0.1 # 0.10±0.06 #

TbN (1/mm) 4.06±0.1 1.55±0.1 # 1.44±0.1 # 2.23±0.65 #

TbTh (μm) 41.2±0.7 59.6±7.4 # 52.7±5.1 67.1±7.1 #

TbSp (mm) 0.246±0.006 0.662±0.04 # 0.709±0.036 # 0.540±0.123 #

SMI 2.96±0.05 3.67±0.2 # 3.83±0.3 # 3.32±0.2
TV (mm3) 1.05±0.019 1.43±0.02 # 1.52±0.02 # ⁎ 1.52±0.02 # ⁎

BV (mm3) 0.45±0.01 0.61±0.01 # 0.63±0.01 # 0.66±0.01 # ⁎

CTh (μm) 171±2.3 203±2.6 # 203±3.3 # 212±3.4 # ⁎

BMaV (mm3) 0.60±0.009 0.825±0.02 # 0.891±0.02 # ⁎ 0.859±0.01 #

Vertebral body
BV/TV (%) 19.4±0.7 14.2±0.8 # 13.2±1.01 # 13.5±0.5 #

Conn D 159.85±5.95 32.56±3.0 # 27.97±2.47 # 29.35±3.63 #

TbN (1/mm) 4.35±0.10 2.72±0.05 # 2.65±0.10 # 2.86±0.11 #

TbTh (μm) 46.4±0.5 59.1±1.7 # 56.7±1.7 # 60.1±1.7 #

TbSp (mm) 0.227±0.005 0.364±0.008 # 0.385±0.01 # 0.370±0.01 #

SMI 0.99±0.07 1.13±0.07 1.39±0.12 # 1.47±0.18 #

CTh (μm) 73.3±1.1 84.4±3.2 # 78.4±2.0 # 85.8±2.2 # $

Values are means±S.E.M.
Cancellous bone microarchitecture was evaluated at the distal femur and vertebral
body, and cortical microarchitecture at the midshaft femur by ex vivo microCT at 12
weeks of age (baseline, n=10 mice) and 17 months of age for control, DHA and EPA
groups (n=10 per group). P value for differences between n-3 FA groups (2F-ANOVA,
diet and time). #, vs. baseline; ⁎, vs. control; $, vs. DHA, by post hoc Fisher's PLSD.
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DHA group presented an increase in CtTV (+6.3%, Pb.05) without
significant difference in CtBV and CtTh. This was partly due to greater
bone marrow volume than in controls, indicating a higher endocor-
tical bone resorption with the DHA diet (Table 1).
3.4. Influence of diet on biomechanical properties of the tibia

To evaluate whether differences in cortical architecture translated
into differences in bone strength, three-point bending tests were
performed on the tibias. In controls, the ultimate force, ultimate
stress, elastic energy, stiffness and Young's modulus were higher at
17 months than at 3 months (+45.5%, +180%, +43.9%, +22.2% and
+109.3%, respectively, all Pb.01), consistent with the age-related
increase of CtBV and CSMI.
Fig. 4. Effects of DHA and EPA FAs on cortical bone microarchitecture of the midshaft tibia. Bar
EPA and control, n=10 mice per group). Cortical bone tissue volume (CtTV), cortical bone vo
(1F-ANOVA, diet). ⁎, EPA vs. control; $, DHA vs. control; &, EPA vs. DHA by post hoc Fisher's P
Tibial bone strength was also significantly greater at 17 months
than at 3 months of age in EPA and DHA groups. Moreover, at
17 months of age, EPA had significantly improved the ultimate
force, ultimate stress and plastic energy compared to controls
(+12.3%, +28.5% and +29.9%, respectively, all Pb.05). Consistent
with the structural data, DHA only significantly increased the ultimate
stress compared to controls (+27.3%, Pb.05) (Table 2).

3.5. Histomorphometrical and biochemical indices of bone turnover

Osteocalcin levels decreased steadily with age in controls, and
long-term EPA and DHA supplementation did not affect this.
Nevertheless, osteocalcin at 17 months of age was significantly
higher in EPA and DHA compared to controls, although the absolute
levels remained low (Fig. 5). In controls, TRAPc5b levels were stable
from 3 to 8 months of age but then increased significantly from 8 to
17 months of age. EPA but not DHA intake resulted in significantly
decreased TRAPc5b levels compared to controls between 3 and
8months. However, at 17months of age, both EPA and DHA displayed
a higher TRAP level compared to controls (Fig. 5).

Bone-forming indices on cortical bone surfaces were evaluated by
histomorphometry. At the periosteal (Ps) but not at the endocortical
(Ec) surface, EPA significantly increased the MAR and bone forming
rate (BFR/BPm) compared to controls (+315% and +472%, respec-
tively, Pb.05). The periosteal mineralizing perimeter (Ps MPm/BPm)
in the EPA group also remained constant compared to baseline,
whereas it tended to decrease in the control and DHA groups
(Table 3). In contrast, DHA was associated with a significantly higher
Ec MAR compared to controls (+112%, Pb.05), without significant
effects on Ec BFR/BPm and Ec MPm/BPm.

In summary, the analysis of biochemical and histomorphometry
markers of bone turnover indicated that, in the long-term, omega-3
FAs, and particularly EPA, promoted cortical bone remodelling.

3.6. Influence of diet on age-related changes in leptin and IGF-1 levels

In order to further examine the potential mechanisms mediating
the effects of omega-3 FAs on bone turnover, we measured two
factors known to play an important role in bone remodelling, namely,
leptin and IGF-1.

Leptin levels increased significantly between 3 and 8 months of
age in the control group. In the EPA group, leptin levels also increased
s show the mean (±S.E.M.) measured at 3, 8 and 17 months of age in each group (DHA,
lume (CtBV), cortical thickness (CtTh). P value for differences between n-3 FA groups
LSD. Means±S.E.M.
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Table 2
Influence of DHA and EPA on tibiae biomechanical properties evaluated by the three-point bending test

Baseline Control DHA EPA

Tibia
Ultimate force (N) 12.76±0.7 18.83±0.6 # 19.37±0.8 # 21.15±0.7 ⁎ #

Ultimate stress (N mm−2) 740.0±156 2075.6±100 # 2641.9±231 ⁎ # 2667±134 ⁎ #

Elastic energy (N mm) 2.23±0.1 3.21±0.2 # 3.37±0.3 # 2.92±0.2
Plastic energy (N mm) 5.37±0.2 5.62±0.4 6.49±0.6 7.3±0.8 ⁎ #

Stiffness (N mm−1) 43.83±3.1 56.36±2.1 # 58.89±3.6 # 59.19±2.8 #

CSMI (mm4) 0.092±0.028 0.156±0.002 # 0.177±0.007 ⁎ # 0.175±0.006 ⁎ #

Young's modulus (MPa) 35,383.5±6603 74,062.3±2964 # 87,484.2±6478 # 86,496.7±6802 #

Values are means±S.E.M.
Cortical bone mechanical properties of the tibiae were evaluated by three-point bending test at 12 weeks of age (baseline, n=10 mice) and at 17 months of age for control, DHA and
EPA groups (n=10 per group). P value for differences between n-3 FA groups (2F-ANOVA, diet and time). #, vs. baseline; ⁎, vs. control by post hoc Fisher's PLSD.
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with age, most dramatically between 8 and 17 months of age,
whereas in the DHA group, leptin levels increased continuously.
Hence, at the end of the experiment, leptin levels were significantly
higher in the DHA and EPA groups compared to controls (Fig. 5). A
statistically significant interaction occurred between diet and age
(P=.02), indicating that patterns of age-related changes in leptin
levels differ inmice receiving omega-3 FAs (EPA or DHA) compared to
controls. As expected, age-related changes in leptin levels and fat
mass were highly correlated (r2=0.64, Pb.0001).

IGF-1 levels were also significantly higher at 17 months with
EPA supplementation compared to controls (739±108 vs. 417±58 ng
ml−1, Pb.05) or DHA (396±84 ng ml−1, Pb.05) groups.

4. Discussion

Our study shows that omega-3 FAs exert complex effects on
trabecular and cortical bone mass and structure, which vary with age
and the type of omega-3 FAs. Most studies on the effects of omega-3
FAs on bone metabolism in growing and adult mice have used short-
term supplementation and cross-sectional measurements of bone
parameters. In contrast, this study was long-term and examined
in vivo longitudinal changes in bone mass and microstructure. This
allowed differentiation of the effects of omega-3 FAs on the skeleton
in young vs. older adults.

Mice on a control diet increased body weight between 3 and
8 months of age. Meanwhile, trabecular bone microarchitecture was
dramatically reduced in the long bones, while CtTV, bone volume and
Fig. 5. Effects of DHA and EPA FAs on bone markers and leptin levels. Bars show the mean (±S.E
mice per group). TRACP5b (tartrate-resistant alkaline phosphatase form 5b). P value for differe
EPA vs. DHA by post hoc Fisher's PLSD. Means±S.E.M.
thickness increased continuously. Bone turnover was characterized
by a marked decrease in osteocalcin levels, without significant
changes in Trap5b levels. Our longitudinal data indicating that
trabecular bone volume in the long bones declines more rapidly
and more profoundly than in the vertebrae are consistent with
previous cross-sectional studies [27,37]. This observation may be
attributed to mechanical forces in the long bones being efficiently
transmitted to the cortex; thus trabecular bone loss could be an
adaptative, physiological mechanism to cortical bone expansion by
eliminating trabeculae which participate little in maintaining bone
strength [38]. However, in the vertebral body, load-transfer char-
acteristics are different as a higher fraction of the load is carried by
trabecular bone [38]. This may explain why cancellous bone is better
preserved in the vertebrae at an early age. Additionally, increased
adipogenesis from mesenchymal stem cells occurs at the expense of
the osteoblast lineage; thus with age there is greater fat gain and a
lower osteogenic potential in long bones than in vertebrae [39].

During early adulthood (up to 8 months of age), omega-3 FAs had
no major influence on cancellous bone in the metaphyseal region of
long bones nor on cortical bone mass. However, both EPA and DHA
improved the cancellous bone volume in caudal vertebrae. EPA may
exert these positive effects by decreasing leptin and TRAP levels.
Indeed, leptin has been shown to induce trabecular bone remodelling
in vertebrae by triggering β-adrenergic signalling in the CNS, which
in turn increases RANKL expression in osteoblasts [40,41]. The effects
of omega-3 FAs on bone resorption could also be mediated by a
decrease in inflammatory cytokines such as IL-6, IL1-β or TNF-1 [42].
.M.) measured at 3, 8 and 17months of age in each group (DHA, EPA and control, n=10
nces between n-3 FA groups (1F-ANOVA, diet). ⁎, EPA vs. control; $, DHA vs. control; &,

image of Fig. 5


Table 3
Influence of EPA and DHA on turnover indices at periosteal and endocortical bone surfaces

Parameters Baseline Control DHA EPA

Periosteal Ps MAR (μm day−1) 0.22±0.11 0.13±0.09 0.15±0.09 0.57±0.10 ⁎$#

Ps BFR/BPm (μm2 μm−1 day−1) 0.004±0.004 0.018±0.018 0.025±0.018 0.103±0.032 ⁎$#

Ps MPm/BPm (%) 0.18±0.09 0.09±0.04 0.05±0.04 0.17±0.05
Endocortical Ec MAR (μm day−1) 0.32±0.11 0.43±0.17 0.91±0.07 ⁎# 0.57±0.21

Ec BFR/BPm (μm2 μm−1 day−1) 0.010±0.005 0.001±0.001 # 0.002±0.001 # 0.002±0.001 #

Ec MPm/BPm (%) 0.26±0.06 0.16±0.06 0.21±0.04 0.22±0.05

Values are means±S.E.M.
Turnover indices of the tibiae were evaluated by histomorphometry at 12 weeks of age (baseline, n=10 mice) and at 17 months of age for control, DHA and EPA groups (n=10 per
group). P value for differences between n-3 FA groups (2F-ANOVA, diet and time). #, vs. baseline; ⁎, vs. control; $, vs. DHA, by post hoc Fisher's PLSD.
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From 8 to 17 months of age a remodelling imbalance, shown by a
decrease in osteocalcin but an increase of TRAP activity, resulted in all
groups losing trabecular bone microarchitecture both in the long
bones and in the vertebrae. The favourable effects of omega-3 FAs
observed earlier on vertebrae trabecular bonemicroarchitecture were
not maintained. This suggests that additional mechanisms of
trabecular bone remodelling become effective with aging on which
omega-3 FAs have little or no effect. Cortical tissue volume continued
to increase from 8 to 17 months, whereas the cortical bone volume
and thickness remain constant as the bone marrow volume also
expanded. These data are consistent with previous studies showing
continued periosteal expansion with aging [27,29,37] but also a
stabilisation of cortical bone volume and thickness through an
increase of endocortical resorption [43]. Interestingly, EPA continu-
ously stimulated the increase of CtBV and, to a lesser extent, CtTh,
thereby improving the mechanical properties of the tibia. In rats,
Reinwald et al. [44] also found a higher cross-sectional geometry and
second moment of inertia of the femur with omega-3 intake. The
current study indicates that long-term EPA/DHA supplementation
increases bone formation (MAR) at periosteal surfaces which,
together with modestly increased levels of osteocalcin at 17 months,
suggests an anabolic effect of these FAs.

These effects on cortical bone paralleled a continuous increase of
leptin levels that strongly correlated with fat mass gain in the DHA
and EPA groups after 8 months of age. Leptin could be a mediator of
the effects of omega-3 on cortical bone as it is known to improve
cortical bone formation by a direct effect on osteoblasts [45,46].
Additionally, peripheral administration of leptin has been shown to
increase cortical bone mass in obese (ob/ob) mice [47] and increase
bone strength in adult male mice [48]. Other adipokines could also be
involved, such as resistin which is usually decreased and adiponectin
which is increased by omega-3 intake [49]. However, their precise
role on bone remodelling remains to be elucidated [50]. IGF-1 levels
were significantly increased at 17 months of age with EPA
supplementation, paralleling higher indices of bone formation at
periosteal surfaces. This data supports the study byWatkins et al. [51]
showing higher IGF-1 levels in chicks fed diets rich in omega-3s [52].
IGF-1 administration is known to increase osteoblast recruitment and
activity in the periosteum without any change in bone formation
drifts at endocortical surfaces [53,54]. DHA but not EPA induced a
higher MAR activity at the endocortical compartment. This supports
the hypothesis that DHA could decrease bone loss mainly by
increasing calcium accretion in bone, which is known to improve
bone formation at the endocortical surface rather than at the
periosteum [55]. These two last observations are further supported
by increased bone formation at the cortical rather than at the
trabecular compartment after a supplementation with omega-3 FAs
[56]. However, DHA seemed to not only increase bone formation at
the endocortical compartment but also to increase bone resorption, as
suggested by an increase in bone marrow volume. Together these
data indicate that omega-3 FAs increase bone remodelling at the
endocortical compartment and promote periosteal bone formation.
Some studies have reported a negative effect of omega-3 FAs on bone,
depending on the intake. Hence in vivo a high dose of omega-3 FAs
(1 g kg−1 body weight per day during 9 weeks) decreased lumbar
spine and femoral BMD and increased bone resorption (CTx)
compared to ovariectomized and controls rats fed with nonsupple-
mented diet, whereas a low dose (0.1 g kg−1 day−1) did not have
deleterious effects [57]. Although we did not have the ability to
measure omega-3 FA levels in blood, the supplements provided in our
study matched the recommended intake for cardiomuscular protec-
tion in humans (1500 mg DHA-EPA per day) and were therefore far
below the high doses mentioned above.

Omega-3 FA supplementation lowered body weight compared to
controls, as previously described [58], but this effect was not
sustained. Hence, during the last months of life the two groups of
omega-3 FAs had a higher body weight compared to controls. This
result may be related to the death of two control mice, which could
reflect the effect of long-term omega-3s on vitality and lifespan.
Interestingly, the same observation has been made in a nationwide
community-based cohort of Japanese men and women, in whom an
inverse association between omega-3 FA dietary intakes and
mortality was found [59].

In summary, we showed a two-phase positive effect of omega-3s,
particularly EPA, on the skeleton, with an early impact on vertebrae
trabecular BV/TV and a late improvement of cortical bone mass and
strength. However, in the long-term, intake of omega-3 FAs did not
prevent trabecular bone loss in the long bones and vertebrae. The
cortical bone effects could be explained by an increase in leptin and
IGF-1 levels, although this does not preclude modulation of
expression of other adipokines and cytokines by omega-3 FAs [49].
These observations therefore indicate that long-term supplementa-
tion with omega-3 FAs could have a favourable impact on diaphyseal
bone strength. However, omega-3 supplementation has a limited
impact on trabecular bone microstructure and is therefore unlikely to
effectively improve bone strength in vertebrae.
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