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Background & aims: Altering the lipid component in diets may affect the incidence of metabolic bone
disease in patients dependent on parenteral nutrition. Consumption of polyunsaturated fatty acids
(PUFA) can impact bone health by modulating calcium metabolism, prostaglandin synthesis, lipid
oxidation, osteoblast formation, and osteoclastogenesis. The aim of this study was to evaluate the dietary
effects of PUFA on murine bone health.
Methods: Three-weeks-old male (n ¼ 30) and female (n ¼ 30) C57BL/6J mice were randomized into one
of three dietary groups. The diets differed only in fat composition: soybean oil (SOY), rich in u-6 PUFA;
docosahexaenoic acid alone (DHA), an u-3 PUFA; and DHA with arachidonic acid, an u-6 PUFA, at a 20:1
ratio (DHA/ARA). After 9 weeks of dietary treatment, femurs were harvested for micro-computed
tomographic analysis and mechanical testing via 3-point bending. Separate mice from each group
were used solely for serial blood draws for measurement of biomarkers of bone formation and
resorption.
Results: At the microstructural level, although some parameters in cortical bone reached differences that
were statistically significant in female mice, these were too small to be considered biologically relevant.
Similarly, trabecular bone parameters in male mice were statistically different in some dietary groups,
although the biological interpretation of such subtle changes translate into a lack of effect in favor of any
of the experimental diets. No differences were noted at the mechanical level and in blood-based bio-
markers of bone metabolism across dietary groups within gender.
Conclusions: Subtle differences were noted at the bones' microstructural level, however these are likely
the result of random effects that do not translate into changes that are biologically relevant. Similarly,
differences were not seen at the mechanical level, nor were they reflected in blood-based biomarkers of
bone metabolism. Altogether, dietary consumption of PUFA do not seem to affect bone structure or
metabolism in a healthy model of growing mice.

© 2018 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
1. Introduction

Infants and children who are unable to adequately absorb nu-
trients through their intestinal tract are dependent on parenteral
nutrition (PN) to sustain life. However, PN is associated with sig-
nificant complications such as intestinal failure-associated liver
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disease (IFALD), sepsis, and metabolic bone disease (MBD) [1e3].
Several factors have been implicated in the pathogenesis of MBD in
the setting of long-term PN administration. These include the
presence, or lack thereof, of components in PN formulations that
are either toxic or essential to bone health, respectively [4]. The lack
of enteral nutrition, co-morbidities, prolonged immobilization, and
the use of certain medications can also put these particular patients
at risk for development of MBD [4,5]. Additionally, the amount of
calcium and phosphorus that can be added to PN formulations is
limited given the risk of precipitation in the solution to be infused
[6]. Abnormal bone mineral accrual so early in life may result in
ism. All rights reserved.
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Abbreviations

AIT adaptive iterative thresholding
AV anisidine value
ARA arachidonic acid
BA bone area
BA/TA cortical bone area fraction
BMC bone mineral content
BMD bone mineral density
BV/TV trabecular bone volume fraction
CTX C-terminal telopeptide of type I collagen
DHA docosahexaenoic acid
EPA eicosapentaenoic acid

FOLE fish oil-based lipid emulsion
GPR G-protein coupled receptor
IFALD intestinal failure-associated liver disease
MBD metabolic bone disease
mCT micro-computed tomography
P1NP procollagen type 1 propeptide
PN parenteral nutrition
PUFA polyunsaturated fatty acid
PV peroxide value
SOLE soybean oil-based lipid emulsion
TA total cross-sectional area
TMD tissue mineral density

Table 1
Composition of experimental diets.

Ingredient SOY DHA/ARA DHA

Casein (g/kg) 140 140 140
L-Cysteine (g/kg) 1.8 1.8 1.8
Sucrose (g/kg) 100 100 100
Cornstarch (g/kg) 465.7 465.7 465.7
Dyetrose (g/kg) 155 155 155
Soybean Oil (g/kg) 40 0 0
Docosahexaenoic Acid (DHA) (g/kg) 0 8 8.4
Arachidonic Acid (ARA) (g/kg) 0 0.4 0
Hydrogenated Coconut Oil (g/kg) 0 31.6 31.6
t-Butylhydroquinone (g/kg) 0.008 0.008 0.008
Cellulose (g/kg) 50 50 50
Calcium Pantothenate (g/kg) 1.6 1.6 1.6
Calcium Carbonate (g/kg) 357 357 357
Vitamin D3 (400,000 IU/g) (g/kg) 0.25 0.25 0.25
Choline Bitartrate 2.5 2.5 2.5

Table 2
Summary of results from oxidation tests performed on experimental diets.

Oxidation Test SOY DHA/ARA DHA

Peroxide Value (PV) (mEq/kg of fat) 8.25 6.33 6.45
Anisidine Value (AV) 4.28 4.08 2.5
Totox Value (AV þ 2PV) 20.78 16.74 15.4
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permanent bone damage and pose problems for those affected later
in life, ranging from growth failure to increased risk of osteoporosis
and fractures [7,8].

PN-associated MBD affects patients of all ages. In a single-
institution study, Diamanti et al. described a prevalence of 83% in
PN-dependent children [3]. Seventeen percent of these cases were
complicated by fractures, similar to the 4e24% reported in PN-
dependent adults [9e11]. Currently, one of the most widely used
lipid emulsions available in the United States is Intralipid® (Baxter/
Fresenius Kabi, Deerfield, Illinois, USA), a soybean oil-based lipid
emulsion (SOLE). We previously reported results from a retro-
spective review of PN-dependent premature neonates (gestational
age � 37 weeks receiving PN for at least 4 weeks) [12]. Findings
showed a significant decrease in the incidence of bone fractures in
children receiving a fish oil-based lipid emulsion (FOLE; Ome-
gaven®, Fresenius Kabi, Bad Homburg, Germany) compared to
those receiving Intralipid® (5.3 vs 12%, respectively). These findings
occurred despite uniformity in all other aspects of nutrition,
including calcium and vitamin D intake [12].

FOLE contains high concentrations of omega-3 polyunsaturated
fatty acids (u-3 PUFAs) such as eicosapentaenoic and docosahex-
aenoic acids (EPA and DHA, respectively). DHA has been shown to
have beneficial effects in maintaining bone health in both animal
and human studies [13e17]. Some u-3 PUFAs have a bigger effect
on bone mass, while others affect mostly the tissue's architecture
[18]. The aim of this study was to evaluate the effects of dietary u-3
and u-6 PUFAs on bone's structural, mechanical, and metabolic
properties in male and female healthy growing mice. We hypoth-
esize that provision of a diet rich in u-3 PUFAs will result in
improved bone health as determined by results from microstruc-
tural imaging, mechanical testing, and measurement of blood-
based biomarkers.

2. Materials and methods

2.1. Murine model and diets

The animal protocol was approved by the Institutional Animal
Care and Use Committee at Boston Children's Hospital. Male and
female 3-week old mice of the C57BL/6 strain were obtained from
Jackson Laboratories (Bar Harbor ME, USA). Animals were assigned
to receive one of three diets that differed only in the source of fat
used for its formulation (n ¼ 10 per group, 3 groups with female
mice, and 3 groups with male mice, for a total of 6 groups and 60
animals). All experimental diets contained equal caloric and food
weight components with 10% of calories provided by fat (Table 1).
The fat content for the SOY diet (AIN-93M Purified Rodent Diet
#110900, Dyets Inc., Bethlehem PA, USA) was derived purely from
soybean oil. This diet is rich in u-6 PUFAs and served as a control.
The DHA/arachidonic acid (ARA) diet (AIN-93M Purified Rodent
Diet #102723, Dyets Inc., Bethlehem PA, USA) contains both u-3
and u-6 PUFAs at a 20:1 ratio (DHA:ARA). This ratio is similar to
that present in cold water fish and has been used by our group in
the past to investigate the effects ofu-3 PUFAs in amodel of murine
hepatosteatosis [19]. The third group received a DHA diet (AIN-93M
Purified Rodent Diet #102716, Dyets Inc., Bethlehem PA, USA) that
contains only u-3 PUFAs and no u-6 PUFAs. The SOY and DHA/ARA
diets were utilized, as their fatty acid content reflected those of
lipid emulsions provided to PN-dependent children. The DHA diet
aimed to mimic the effects of dietary u-3 PUFA supplementation
without addition of u-6 PUFAs.

Given their high content of PUFAs, which are particularly prone
to oxidation, all pelleted diets were subjected to oxidation tests
(Covance Laboratories, Madison WI, USA). These aimed to ensure
the integrity of the PUFAs provided in the experimental diets and
included the peroxide and anisidine values (PV and AV, respec-
tively). The former measures the primary and secondary products
of oxidation, whereas the latter measures only secondary products
of oxidation. The Totox value (AV þ 2PV) indicates an oil's overall
oxidation state (Table 2). According to the International Fish Oil
Standard (IFOS), values below 19.5 are considered optimal. All Totox
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values obtained were deemed appropriate to proceed with our
studies. Although that of the SOY diet was borderline, we decided to
proceed with this formulation, as this is not especially formulated
but rather used extensively as a commercially available control diet.

Animals were earmarked for identification and housed in reg-
ular vented cages (5 mice per cage) within a barrier room with a
12-hour light and dark cycle. They were given full and uninhibited
access to water and food. Animals were weighed every 3 days, and
growth and appearance were closely monitored. Food consump-
tion was also recorded as grams/cage/3 days. All animals were
maintained on the experimental diets for 9 consecutive weeks
during a period of rapid growth (from week 3 to week 12), after
which they were euthanized. Left femurs were harvested, cleaned
of all excess soft tissue, wrapped in normal saline (0.9% sodium
chloride)-soaked gauze and stored at �20 �C until micro-
computed tomographic (mCT) analysis and three-point bending
mechanical testing. For determination of blood-based biomarkers
of bone resorption and formation, blood samples were collected
after a period of overnight fasting. As repeated blood draws may
induce a bone marrow reaction that could ultimately alter the
mechanical properties of rapidly growing bone [20], five additional
animals from each group were used to obtain blood samples via
retro-orbital puncture at baseline and one month into the study. A
third set of blood samples were obtained immediately prior to
euthanasia in five animals from each of the original groups of 10.
Blood samples obtained at euthanasia were also used for serum
fatty acid analysis.

2.2. mCT imaging analysis

Bone microarchitecture indices were measured using a high-
resolution mCT imaging system (mCT, Scanco Medical, Brüttisellen,
Switzerland) following the guidelines from the American Society
for Bone andMineral Research for the use of mCT in rodents [21]. For
female diet groups, n ¼ 9 for SOY (one animal was excluded from
analysis given poor oral intake from malocclusion), and n ¼ 10 for
DHA/ARA and DHA groups each. For male diet groups, n ¼ 10 for
SOY, DHA/ARA, and DHA. Femurs were placed in a scanning tube
containing normal saline and stabilized proximally and distally
with foam pieces. Sequential transaxial images were acquired using
a 10 mm3 isotropic voxel size with an X-ray tube voltage and current
of 70 kVp and 114 mA, respectively, integration time of 200 ms, and
subjected to Gaussian filtration. Based on a previously described
protocol [22], the distance from the femoral head to the distal end
of the femoral condyles was used to define the femoral length on
the mCT scans. The microarchitecture of cortical bone was deter-
mined using the images obtained from the mid-diaphysis of the
specimen, starting at 55% of the length below the femoral head and
extending distally for 50 slices. The following cortical bone indices
were measured: total cross-sectional area (TA, mm2), bone area
(BA, mm2), cortical bone area fraction (BA/TA), thickness (mm), and
tissue mineral density (TMD, mgHA/mm3). For trabecular bone, the
distal metaphyseal region was identified beginning 20 slices above
the peak of the distal growth plate and extended proximally for 130
slices. The trabecular bone indices included bone volume fraction
(BV/TV), trabecular thickness (mm), separation (mm), and number
(1 mm�1), connectivity density (1 mm�3), Structure Model Index
(SMI), and tissue mineral density (TMD, mgHA/mm3). The appro-
priate thresholds were used and calculated based on adaptive-
iterative thresholding (AIT) performed on the SOY group (con-
trol). The intra-specimen variability of mCT assessment of three-
dimensional microstructural and densitometric indices of excised
bone samples is less than 0.5% in our laboratory. Following imaging,
the specimens were wrapped once again in saline-soaked gauzed
and stored at �20 �C until mechanical testing.
2.3. Mechanical testing

Specimens were thawed to room temperature and subjected to
three-point bending using a Bose Electroforce® 3200 (TA In-
struments, Wintest v4.1, Wakefield MA, USA) load frame under
displacement control conditions with an 8 mm support span. Fe-
murs were placed with their posterior aspect facing up on the
support span and secured to their position to avoid rolling prior to
testing with a polydimethylsiloxane silicone polymer. Each femur
was subjected to three-point mono-cyclic loading to failure at a
displacement rate of 0.01 mm s�1.

Extrinsic and intrinsic structural properties were assessed from
the loadedisplacement curves. Yield and ultimate load, stiffness,
and Young's modulus were calculated using mCT-based area
moment of inertia measures and an in-house developed MATLAB
program (MathWorks, Natick MA, USA).

2.4. Blood-based biomarkers and fatty acid analyses

Blood samples were collected after overnight fasting on days
0 (baseline), 32, and 63 (euthanasia) via retro-orbital puncture
under inhaled isoflurane. For all experimental groups, n¼ 5 in each
time point. Following collection, whole blood was centrifuged at
4 �C for 15 min at 2255 g and stored at �80 �C for subsequent
analysis. Based on recommendations from the International Oste-
oporosis Foundation, we elected to assess levels of procollagen
type 1 propeptide (P1NP) as a surrogate marker of bone formation,
and C-terminal telopeptide of type I collagen (CTX) as a marker of
bone resorption [23]. Enzyme-linked immunosorbent assay
(ELISA) kits were used on the obtained serum samples: P1NP
(mouse P1NP ELISA kit #MP0585, NeoScientific, Woburn MA, USA)
and CTX (mouse CTX-1 ELISA kit #MC0850, NeoScientific, Woburn
MA, USA).

For analysis of fatty acid composition (n ¼ 3 per experimental
group), total lipids were extracted from the different serum sam-
ples based on the methods of Folch [24]. Briefly, heptadecanoic acid
(C17:0) was used as an internal standard (Nu-Chek Prep, Inc., Ely-
sian MN, USA) and added to 30e50 mL of each serum sample. A
mixture of chloroform and methanol at a 2:1 ratio was then added
to allow for creation of a biphasic system that would allow for lipid
separation and subsequent extraction. Once separated, the solvent
was evaporated under nitrogen conditions to minimize oxidation,
followed by saponification with 0.5 N methanolic sodium hydrox-
ide (Ricca Chemical Company, Arlington, Texas USA), and methyl-
ation with 12% boron trifluoride (1.5M) in methanol (Acros
Organics, Geel, Belgium). Fatty acid methyl ester profiles were ac-
quired by gas liquid chromatography using an Agilent Technologies
6890N gas chromatograph (Agilent Technologies, Inc., Wilmington
DE, USA) coupled to an Agilent-5975Bmass spectrometer equipped
with a Supelcowax SP-10 capillary column (Agilent Technologies,
Inc.). The fatty acid profiles were expressed as percentage of the
total fatty acids.

2.5. Statistical analyses

Growth and food intake curves were generated for each of the
experimental groups. A broken-stick mixed model was used to
analyze the data to accommodate a change in slope at day 12. The
optimal covariance structure to model the repeated measures
within each animal was determined to be autoregressive with lag 1,
based on Akaike's information criterion [25]. Modeling was per-
formed with SAS version 9.4 (Cary NC, USA). Microstructural and
mechanical indices, and fatty acid profiles were compared within
genders across the three dietary groups with two-way analysis of
variance (ANOVA) with post-hoc Tukey correction for multiple
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comparisons. Levels of blood based-biomarkers were compared
within genders across the three dietary groups at the three
different time points (days 0, 32, and 63) with two-way ANOVA
with post-hoc Tukey correction for multiple comparisons. Statisti-
cal analyses were conductedwith Prism 7 (GraphPad Software, Inc.,
La Jolla CA, USA). P-values below 0.05 were considered statistically
significant for all analyses.
3. Results

On average, there was no difference in weight by diet (P ¼ 0.63
after adjusting for sex). As expected, there was a difference in
weight by sex (P < 0.0001 after adjusting for diet), although the
effect on sex did not depend on the type of diet (P¼ 0.92) (Fig. 1). Of
note, one animal from the female group assigned to the DHA/ARA
diet, which had stunted growth, was excluded given the fact that it
was later found to be from dental malocclusion that led to subop-
timal food intake. Samples from thismousewere similarly excluded
from all tests and analyses.

Mid-diaphyseal cortical bone morphometric analysis of female
animals (Fig. 2) showed trends of significantly higher TA and BA in
animals on the DHA group, compared to those in the SOY and
DHA/ARA groups. However, the BA/TA reached a P-value below
0.05 and was statistically significant. Conversely, animals in the
DHA group had lower cortical TMD that was statistically signifi-
cant only when compared to the SOY group. There were no dif-
ferences in cortical thickness measurements across the groups
(Table 3). In male specimens, none of the cortical bone indices
evaluated showed significant differences across the experimental
groups (Fig. 3 and Table 3).

None of the indices evaluating trabecular bone microstructure
in female mice were significantly different (Fig. 4 and Table 4).
Distal metaphyseal trabecular bone morphometric analysis of male
animals showed SOY mice to have significantly lower trabecular
number and higher trabecular separation compared to the other
two experimental groups (Fig. 5). Only when compared to the DHA
group, the SOY mice had significantly higher trabecular thickness
values. The other indices, including BV/TV, connectivity density,
SMI, and trabecular TMD were not different across the different
experimental groups (Table 4).

No statistically significant differences were seen between
experimental groups in any of the indices evaluated by
Fig. 1. Weight (grams) for n ¼ 89 animals. Shown are males (filled circles) and females
(empty circles), with means from a broken-stick mixed model shown for soy, DHA/
ARA, and DHA. Data are jittered right/left to prevent male/female overlap.
mechanical testing (Table 5). No differences were seen in any of
the time points where blood-based biomarkers of bone for-
mation (P1NP) and resorption (CTX) were measured (Fig. 6).
Results from fatty acid analysis are summarized in Table 6.
Differences across groups reflected changes that are typically
seen according to their dietary group. None of the animals
tested showed biochemical essential fatty acid deficiency,
defined by a triene to tetraene ratio (Mead acid/ARA), equal or
greater than 0.2.

4. Discussion

The finding that FOLE, rich in DHA, is associated with a
reduced incidence of bone fracture rates in infants was first
suggested in a retrospective clinical study by our group [12].
Given these findings, coupled with those available in the litera-
ture suggesting the beneficial effects of u-3 PUFAs in bone, we
sought to determine how dietary DHA influences bone structural
integrity and strength in healthy growing mice. Results from this
study suggest that dietary consumption of omega-3 u-3 PUFAs
does not have a particular effect on bone health and metabolism
in healthy mice.

Although there were parameters assessing cortical bone
structure that reached statistical significance in favor of one
experimental group or the other, these were so small that ulti-
mately do not translate into an effect that is biologically relevant.
Furthermore, all values obtained seem to fall within a range that is
considered normal in healthy mice. This is further proven by the
lack of differences in any of the indices assessed via mechanical
testing in female mice. The same conclusion can be drawn from
the differences seen in trabecular bone in male mice. Although
some of our findings showed lower trabecular number and higher
trabecular separation in animals allocated to the SOY group, a
finding that is seen in animal models that simulate bone loss
patterns [26], the lack of differences across groups based on me-
chanical testing further suggest that these changes may have been
observed at random.

Our findings are similar to those reported by Sirois et al., who
studied the effects of administering fish oil or a control soybean oil-
based diet in 3-week old male and female rats for 5 weeks [27].
Results from this study showed no differences in lumbar bone
mineral content (BMC) or density (BMD), or in femoral BMC, BMD,
yield load, resilience, peak load, or toughness between the diet
groups within each sex. Of note, the fish oil-based diet contained
10 g/kg of soybean oil in addition to the 60 g/kg of menhaden oil
(versus 70 g/kg of soybean oil in the control group), which may
have confounded the effects of DHA. Results from our study further
confirm the fact that dietary supplementation of DHA does not
affect the bone at the microstructural level and, in consequence,
does not improve its intrinsic stiffness as determined by mechan-
ical testing.

Recently, a study by Kohut et al. found that small for gesta-
tional age piglets fed formula supplemented with ARA and DHA
had higher lumbar spine BMC, with lower weight animals
requiring even larger amounts of ARA and DHA [28]. In this study,
however, piglets were still given a standard formula and the
DHA:ARA ratio was 6:1 for both groups, thus not allowing for an
accurate assessment of which fatty acid may have had the posi-
tive influence on bone. In contrast, our present study strictly
controlled for the amount of fatty acids provided in the experi-
mental diets yet still failed to show a beneficial effect of DHA on
bone in healthy animals.

It is still unclear how FOLE may prevent and/or decrease the
risk of bone fractures in PN-dependent infants. The beneficial
effects of DHA at the microstructural level in disease states may



Fig. 2. Graphs representing cortical bone indices (mean ± standard error of the mean) measured in female mice (DHA/ARA, n ¼ 9; SOY, n ¼ 10; DHA, n ¼ 10): a) cortical BA (bone
area); b) cortical TA (total cross-sectional area); c) cortical BA/TA (bone area fraction); d) cortical TMD (tissue mineral density); and e) cortical thickness. Where indicated, mean
value differences between treatment groups are considered statistically significant (*P < 0.05).

Table 3
Results of cortical bone parameters obtained on from micro-computed tomography with comparisons across experimental groups within sex (shown are mean ± standard
error of the mean). Only P-values below 0.05 are given in detail. Abbreviations: ARA, arachidonic acid; BA/TA, bone area fraction; DHA, docosahexaenoic acid; NS, not sta-
tistically significant (P > 0.05); TMD, tissue mineral density.

Parameter DHA/ARA SOY DHA DHA vs SOY DHA vs DHA/ARA DHA/ARA vs SOY Sex

Bone area (mm2) 0.65 ± 0.02 0.64 ± 0.02 0.69 ± 0.01 NS NS NS Female
Total area (mm2) 0.66 ± 0.02 0.64 ± 0.02 0.69 ± 0.01 NS NS NS
BA/TA 0.997 ± 0.00 0.997 ± 0.00 0.998 ± 0.00 NS 0.0012 0.002
Cortical TMD (mgHA/cm3) 1165 ± 7.7 1177 ± 8.4 1141 ± 6.8 0.0059 NS NS
Cortical Thickness (mm) 0.14 ± 0.003 0.15 ± 0.005 0.15 ± 0.003 NS NS NS
Bone area (mm2) 0.81 ± 0.03 0.81 ± 0.03 0.78 ± 0.04 NS NS NS Male
Total area (mm2) 0.81 ± 0.03 0.81 ± 0.03 0.79 ± 0.04 NS NS NS
BA/TA 0.997 ± 0.00 0.997 ± 0.00 0.997 ± 0.00 NS NS NS
Cortical TMD (mgHA/cm3) 1164 ± 5.8 1151 ± 8.6 1158 ± 6.8 NS NS NS
Cortical Thickness (mm) 0.17 ± 0.005 0.17 ± 0.005 0.16 ± 0.005 NS NS NS

Bold numbers reflect that the comparison reached statistical significance, defined as a P-value < 0.05.
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be due to its effect on bone structure and composition either via
inflammatory mediators and/or through changes in balance be-
tween osteoblast and osteoclast activity. Both u-3 PUFAs and u-6
PUFAs serve as lipid precursors of inflammatory mediators;
however, the type of response is dependent on the type of
mediator that is predominantly produced. The metabolism of u-6
PUFAs lead to the production of pro-inflammatory mediators,
whereas u-3 PUFAs lead to the production of molecules that are



Fig. 3. Graphs representing cortical bone indices (mean ± standard error of the mean) measured in male mice (DHA/ARA, n ¼ 10; SOY, n ¼ 10; DHA, n ¼ 10): a) cortical BA (bone
area); b) cortical TA (total cross-sectional area); c) cortical BA/TA (bone area fraction); d) cortical TMD (tissue mineral density); and e) cortical thickness. Where indicated, mean
value differences between treatment groups are considered statistically significant (*P < 0.05).

Fig. 4. Graphs representing trabecular bone indices (mean ± standard error of the mean) measured in female mice (DHA/ARA, n ¼ 9; SOY, n ¼ 10; DHA, n ¼ 10): a) BV/TV (bone
volume fraction); b) Conn.D (connectivity density); c) Tb.N (trabecular number); d) Tb.Th (trabecular thickness); e) Tb.Sp (trabecular separation); f) trabecular TMD (trabecular
tissue mineral density). Where indicated, mean value differences between treatment groups are considered statistically significant (*P < 0.05).
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Table 4
Results of trabecular bone parameters obtained on frommicro-computed tomography with comparisons across experimental groups within sex (shown are mean ± standard
error of the mean). Only P-values below 0.05 are given in detail. Abbreviations: ARA, arachidonic acid; BA, bone area; DHA, docosahexaenoic acid; NS, not statistically sig-
nificant (P > 0.05); TA, total area; TMD, tissue mineral density.

Parameter DHA/ARA SOY DHA DHA vs SOY DHA vs DHA/ARA DHA/ARA vs SOY Sex

BV/TV 0.04 ± 0.004 0.05 ± 0.004 0.05 ± 0.004 NS NS NS Female
Connectivity Density (1/mm3) 29.5 ± 6.7 45.4 ± 8.8 36.4 ± 6.2 NS NS NS
SMI 3.28 ± 0.06 3.06 ± 0.09 3.16 ± 0.06 NS NS NS
Trabecular Number (1/mm) 3.61 ± 0.11 3.83 ± 0.12 3.72 ± 0.1 NS NS NS
Trabecular Thickness (mm) 0.038 ± 0.00 0.037 ± 0.00 0.037 ± 0.00 NS NS NS
Trabecular Separation (mm) 0.28 ± 0.01 0.26 ± 0.01 0.27 ± 0.01 NS NS NS
Trabecular TMD (mgHA/cm3) 977.3 ± 5.8 980.5 ± 3.8 970 ± 3.7 NS NS NS
BV/TV 0.12 ± 0.01 0.12 ± 0.01 0.1 ± 0.01 NS NS NS Male
Connectivity Density (1/mm3) 182.8 ± 17.8 156.4 ± 8.8 168.2 ± 15.3 NS NS NS
SMI 2.47 ± 0.11 2.43 ± 0.07 2.57 ± 0.09 NS NS NS
Trabecular Number (1/mm) 5.63 ± 0.07 5.14 ± 0.1 5.52 ± 0.11 0.0173 NS 0.0022
Trabecular Thickness (mm) 0.039 ± 0.00 0.043 ± 0.00 0.036 ± 0.00 0.0313 NS NS
Trabecular Separation (mm) 0.18 ± 0.00 0.19 ± 0.00 0.18 ± 0.00 0.0295 NS 0.0038
Trabecular TMD (mgHA/cm3) 971.1 ± 4.2 976.2 ± 4.3 968.8 ± 3.2 NS NS NS

Bold numbers reflect that the comparison reached statistical significance, defined as a P-value < 0.05.

Fig. 5. Graphs representing trabecular bone indices (mean ± standard error of the mean) measured in male mice (DHA/ARA, n ¼ 10; SOY, n ¼ 10; DHA, n ¼ 10): a) BV/TV (bone
volume fraction); b) Conn.D (connectivity density); c) Tb.N (trabecular number); d) Tb.Th (trabecular thickness); e) Tb.Sp (trabecular separation); f) trabecular TMD (trabecular
tissue mineral density). Where indicated, mean value differences between treatment groups are considered statistically significant (*P < 0.05).
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less potent in their pro-inflammatory effects and also have anti-
inflammatory activity [29]. Watkins et al. demonstrated how the
dietary ratio of u-6:u-3 PUFAs alters the fatty acid composition of
bone compartments in rats by altering the local concentrations of
ARA, and modulating the production of prostaglandin E2 and
other factors that affect bone modeling [30]. Furthermore, this
study showed how the activity of serum alkaline phosphatase
isoenzymes were greater in animals fed a diet high in u-3 PUFAs
or with a low ratio of u-6:u-3 PUFAs.
Table 5
Results frommechanical testing indices and comparisons across experimental groups wit
arachidonic acid; DHA, docosahexaenoic acid; NS, not statistically significant (P > 0.05).

Index DHA/ARA SOY DHA

Yield load (N) 7.3 ± 0.5 8.0 ± 0.6 7.4 ± 0.3
Ultimate load (N) 14.1 ± 0.5 14.6 ± 0.3 14.0 ± 0.5
Young's modulus (Mpa) 86.0 ± 5.3 93.3 ± 3.9 79.7 ± 5.5
Stiffness (N/mm) 74.7 ± 1.9 78.6 ± 3.1 75.3 ± 2.3
Yield load (N) 8.7 ± 0.4 7.6 ± 0.6 9.1 ± 0.4
Ultimate load (N) 16.9 ± 0.8 17.2 ± 1.1 17.6 ± 0.7
Young's modulus (Mpa) 143.7 ± 17.8 148.2 ± 28.4 142.3 ± 12.5
Stiffness (N/mm) 90.1 ± 4.6 88.4 ± 6.6 95.0 ± 3.7
It has been shown that the derivatives of u-3 PUFAs, including
DHA, actively resolve inflammation through other mediators
called resolvins, protectins, and maresins [31e33]. Herrera et al.
studied osteoclast cultures derived from murine bone marrow
cells and found that cells treated with the inflammation-resolving
lipid mediator resolvin E1 had inhibition of osteoclast growth and
bone resorption [34]. Similarly, Bhattacharya et al. found that the
higher BMD levels of 18-month old mice fed a fish oil-based diet
versus an u-6 PUFA-rich corn oil-based diet, were associated with
hin animal sex (shown are mean ± standard error of the mean). Abbreviations: ARA,

DHA vs SOY DHA vs DHA/ARA DHA/ARA vs SOY Sex

NS NS NS Female
NS NS NS
NS NS NS
NS NS NS
NS NS NS Male
NS NS NS
NS NS NS
NS NS NS



Fig. 6. Changes (mean ± standard error of the mean) in levels of P1NP (procollagen type 1 propeptide, top panels) and CTX (C-terminal telopeptide of type I collagen, bottom
panels) in female (left-sided panels) and male (right-sided panels) animals. Blood samples collected at baseline (day 0), day 32, and prior to euthanasia (day 63). Filled circles and
full lines represent animals in the DHA/ARA group; empty circles and interrupted line belong to animals in the SOY group; and gray triangles and gray interrupted lines belong to the
DHA group.
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the presence of decreased inflammatory cytokines [35]. Although
this does not demonstrate causation, it suggests that inflammation
plays a key role in bone metabolism. More recently, Williams-Bey
et al. studied the effects of DHA, and how it can limit the activation
of inflammasomes, molecules that serve as central regulators of
innate immunity and inflammation [36]. Therefore, by reducing
the production of interleukin 1b through its interaction with G-
Table 6
Fatty acid analyses expressed in percentage from n¼ 3 per experimental group at the time
differences are considered statistically significant (P < 0.05) across all dietary groups (*)

Female

DHA/ARA SOY DHA Compariso

14:0 0.76 ± 0.05 0.29 ± 0.03 0.56 ± 0.04
15:0 0.14 ± 0.02 0.09 ± 0.01 0.1 ± 0.01
16:0 26.74 ± 0.66 22.14 ± 0.28 26.76 ± 0.3 #
16:1 5.66 ± 0.32 3.4 ± 0.55 6.19 ± 0.49 #
18:0 15.3 ± 1.04 14.61 ± 0.9 13.32 ± 0.82
18:1u9 19.83 ± 1.18 14.85 ± 1.67 19.75 ± 0.27 #
18:1u7 1.5 ± 0.09 1.75 ± 0.09 1.53 ± 0.13
18:2u6 5.17 ± 0.19 20.64 ± 0.62 7.99 ± 0.23 *
19:0 0.1 ± 0.01 0.14 ± 0.02 0.11 ± 0.01
18:3u6 0.02 ± 0.01 6.31 ± 5.85 0.02 ± 0.02
18:3u3 0.08 ± 0.01 0.46 ± 0.05 0.09 ± 0.02
20:0 0.1 ± 0.02 0.06 ± 0.01 0.11 ± 0.03
20:1u9 0.34 ± 0.11 0.18 ± 0.01 0.45 ± 0.16
20:1u7 0.03 ± 0.01 0.02 ± 0.01 0.05 ± 0.02
20:2u6 0.02 ± 0.02 0.03 ± 0.02 0.1 ± 0.06
20:3u9 0.13 ± 0.04 0.14 ± 0.01 0.06 ± 0.01
20:3u6 0.22 ± 0.03 1.11 ± 0.15 0.23 ± 0.11
20:4u6 6.14 ± 0.55 13.84 ± 0.59 1.45 ± 0.15 *
20:5u3 6.76 ± 0.81 0.41 ± 0.05 7.94 ± 0.16 #
22:0 0.05 ± 0.01 0.03 ± 0.01 0.05 ± 0.01
22:1u9 0.2 ± 0.02 0.13 ± 0.02 0.26 ± 0.02
22:5u6 0 0.07 ± 0.04 0
22:5u3 0.45 ± 0.06 0.21 ± 0.03 0.54 ± 0.01
22:6u3 10.27 ± 1.43 4.93 ± 0.21 12.35 ± 0.5 *
protein coupled receptor 120 (GPR120), DHA suppressed inflam-
masome activation by two distinct mechanisms: suppression of
nuclear translocation of nuclear factor -kB, and enhancing auto-
phagy in cells.

Oh el al demonstrated that GPR120 functions as an u-3 PUFA
receptor in pro-inflammatory macrophages and mature adipocytes
[37]. Pre-treatment with DHA of macrophages fromwild-type mice
of euthanasia (shown are mean ± standard deviation). Where indicated, mean value
or between DHA/AA and DHA compared to SOY (#).

Male

n DHA/ARA SOY DHA Comparison

0.83 ± 0.05 0.27 ± 0.02 0.73 ± 0.09
0.14 ± 0.02 0.1 ± 0.01 0.1 ± 0.01
28.3 ± 0.34 22.2 ± 0.16 28.59 ± 0.17 #
7.56 ± 0.54 4.28 ± 0.21 7.56 ± 0.35 #
13.84 ± 0.89 12.52 ± 0.63 13.11 ± 0.14
16.5 ± 0.9 14.08 ± 0.3 18.78 ± 1.51 *
1.15 ± 0.06 2.11 ± 0.05 1.31 ± 0.12
5.93 ± 0.27 21.43 ± 0.56 8.71 ± 0.29 *
0.19 ± 0.01 0.19 ± 0.03 0.19 ± 0.01
0 0.56 ± 0.01 0
0.08 ± 0.02 0.51 ± 0.02 0.07 ± 0.03
0.18 ± 0.04 0.12 ± 0.03 0.17 ± 0.02
0.56 ± 0.14 0.39 ± 0.18 0.51 ± 0.1
0.1 ± 0.02 0.06 ± 0.02 0.09 ± 0.03
0.03 ± 0.03 0.13 ± 0.05 0.04 ± 0.04
0.07 ± 0.05 0.18 ± 0.03 0.04 ± 0.02
0.16 ± 0.07 1.42 ± 0.19 0.25 ± 0.09
5.35 ± 0.1 13.4 ± 0.47 1.17 ± 0.14 *
4.21 ± 0.16 0.48 ± 0.04 5.85 ± 0.37 *
0.06 ± 0.02 0.04 ± 0.02 0.04 ± 0.01
0.22 ± 0.01 0.12 ± 0.04 0.23 ± 0.01
0 0.17 ± 0.01 0
0.46 ± 0.08 0.33 ± 0.02 0.5 ± 0.06
14.07 ± 1.21 4.86 ± 0.27 11.99 ± 2.17 *
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inhibited chemotaxis by 80%, whereas the same treatment had no
effect in macrophages from GPR120 knockouts. Being osteoclasts a
type of specialized macrophage, these findings explain the signifi-
cant effect of u-3 PUFAs on bone resorption. Other studies have
linked the inhibition of osteoclasts as a potential mechanism for the
beneficial effects of u-3 PUFAs in bone [38,39].

Similar to GPR120, GPR40 is activated by medium-chain fatty
acids as well as long-chain fatty acids such as DHA [40]. GPR120 is
expressed in osteoblastic cells and GPR120/40 are expressed in
osteoclasts [41]. Cornish et al. found that a GPR120/40 agonist
mimicked the anti-osteoclastogenic actions of fatty acids, identi-
fying a link between lipid and bonemetabolism [41]. More recently,
Kasonga et al. studied the effects of DHA and ARA on osteoclast
formation and activity by isolating CD14 þmonocytes [42]. Results
from this study revealed that both types of long-chain PUFAs
decrease the formation potential of osteoclasts in a dose-
dependent manner at early stages of differentiation. Also, these
fatty acids seemed to affect the potential for bone resorption in
mature osteoclasts without affecting its numbers. Although these
results can prove the beneficial effects of anti-inflammatory u-3
PUFAs in bone health, they seem to contradict those that suggest
that u-6 PUFAs increase bone loss through its pro-inflammatory
mediators [17,30]. The presence of other studies suggesting an
opposite beneficial effect ofu-6 PUFAs in bone is proof that much of
the action of PUFAs on bone metabolism remain to be elucidated
[43]. The latter statement is supported by findings in our study, in
which all diets exerted similar effects at the bone's microstructural
level. This was regardless of the presence (DHA/ARA) or not (DHA)
of u-6 PUFAs. We did not observe any differences in blood-based
biomarkers of bone turnover during our study period. These find-
ings are in conflict with the mentioned studies that argue that the
effects of u-3 PUFAs may be in part related to their role in osteo-
clasts and bone resorption.

Limitations of this study include the lack of use of single-housing
and paired-feeding techniques to control for food intake in every
mouse. However, the growth and intake curves obtained throughout
our study period were equivalent across the experimental groups
withinmales and females. Also, the activity level of each mouse was
not controlled for, a factor that can significantly impact bone health.
More importantly, the model used in this study is that of healthy
mice, different to what is seen in patients afflicted with MBD.

Results from this study reject our hypothesis that dietary
provision of u-3 PUFAs can have a beneficial effect on bone in
healthy growing mice. Perhaps the beneficial effects of u-3 PUFAs
on bone become evident in the setting of disease states. For this
reason, our group aims to study the effects of dietary u-3 PUFAs
in diseased animal models to further test this hypothesis in
future studies.
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