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Abstract: Different factors may contribute to the development of osteopenia or osteoporosis. Fatty
acids are key nutrients for health, and a number of studies have reported an association between bone
mineral density (BMD) and fatty acid intake. We aimed to investigate the relationships between serum
levels of different fatty acids and bone parameters determined by quantitative bone ultrasound (QUS),
peripheral quantitative computed tomography (pQCT), and dual-energy X-ray absorptiometry (DXA)
in a sample of Spanish postmenopausal women. We enrolled a total of 301 postmenopausal women
(median age 59 years; interquartile range (IQR) 7) in this study. All participants underwent full
densitometric screening, including calcaneal quantitative ultrasound (QUS), peripheral quantitative
computed tomography (pQCT), and dual-energy X-ray absorptiometry (DXA), as well as plasma
fatty acid measurement. After adjustment for potential confounders, plasma -3 polyunsaturated
fatty acid (PUFA) levels correlated with BMD in the spine (r = 0.150; p = 0.014) and femoral neck
(r =0.143; p = 0.019). By multiple linear regression, an independent statistically significant positive
relationship was observed between BMD in the spine and BMI (3 = 0.288; p = 0.001) as well as total
plasma n-3 PUFAs (3 = 0.155; p = 0.009). The plasma n-3 PUFA level was also a significant and
positive predictor of BMD at the femoral neck ( = 0.146; p = 0.009). Independent risk factors for low
BMD (T-score < 1) were determined by logistic regression analysis, and a relatively high level of
plasma n-3 PUFAs (OR = 0.751; 95% CI 0.587-0.960, p = 0.022) was identified as a protective factor
against low bone mass. In this single-center sample of Spanish postmenopausal women, we reported
a significant positive and statistically independent association between BMD and plasma levels of
n-3 PUFAs.

Keywords: fatty acids; n-3 PUFAs; bone mineral density; osteoporosis; postmenopause

1. Introduction

Several diverse factors may contribute to the development of osteopenia/osteoporosis.
Some of the most important are a sedentary lifestyle, inadequate nutrient consumption,
inflammation, and genetic factors. The essential fatty acids are nutrients of key importance
for health. Previous reports regarding the influence of diet on bone health in healthy
populations established a link from fatty acid intake to total bone mineral density (BMD)
through a number of mechanisms that promote bone formation [1-3].
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The long-chain 7n-3 polyunsaturated fatty acids (n-3 PUFAs) a-linolenic acid (ALA) is
mainly consumed from food sources, such as various nuts and seeds (walnuts, flaxseeds,
chia seeds) and vegetable oils (linseed oil, canola oil, soybean oil), while eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) are key fatty acids that are found almost
exclusively in marine foods such as fatty fish [4]. n-6 PUFAs (linoleic acid (LA) and
arachidonic acid (AA)) and n-3 fatty acids are of specific interest because they contribute
to the structure and function of the phospholipid bilayers that constitute cell membranes
and because they are precursors of eicosanoids, comprising prostaglandins, leukotrienes,
and thromboxanes, with hormone-like activities [5]. 1-3 PUFAs have the potential to
benefit the bones, as increased consumption rates appear to be linked with increased
BMD [6-9]. Mechanisms postulated for the effect of 11-3 PUFAs on bone health include an
indirect effect based on enhancing intestinal calcium uptake, together with direct effects
on bone turnover based on affecting the activity of osteoblasts and osteoclasts [10-13].
It has been suggested that the intake of polyunsaturated lipids may have an influence
on bone mineral accrual and BMD and may even play a relevant role in the prevention
of fragility fractures [3,14-16]. The strongest evidence comes from observational studies
that have reported how total PUFA intake, particularly n-3 and n-6 PUFA intake, may
increase BMD and even reduce fracture risk [3,17-20]. Nevertheless, the literature is very
limited, particularly with regard to monounsaturated fatty acids (MUFAs) and saturated
fatty acids (SFAs) and their association with BMD or the risk of fracture [21]. A limited
number of studies have addressed the role of these fatty acids in particular, finding that
monounsaturated fatty acid intake [14] may decrease total fracture risk.

However, the relationship between dietary PUFA consumption and hip fracture risk
has shown controversial results in several observational studies, some with large sample
sizes. The Nurses” Health Study (NHS) followed postmenopausal women for 24 years
and showed a statistically significant decrease in age-adjusted hip fracture risk in women
with higher total n-3 PUFA intake compared to those with lower intake [15]. In a further
observational cohort of over 135,000 postmenopausal US women participating in the
Women’s Health Initiative (WHI), total (n-3 and n-6) PUFA intake was also assessed and
was found to be linked to a reduction in overall fracture risk after an average follow-up
of 7.8 years, suggesting that an increased intake of certain 1#-3 PUFAs such as ALA and
the intake of total n-6 PUFAs would be related to a reduced risk of fragility fractures [17].
However, as it has been indicated, these results contradict other available findings regarding
the intake of fatty acids and their association with fractures and BMD. In most of the
studies demonstrating an association, the authors note that it is not possible to determine
the causality of these associations due to the observational nature of the studies [9,18],
potentially making the observed results a consequence of residual confounding or reverse
causality, in which case the inferred causality would be spurious.

Serum fatty acids circulating levels are ultimately determined by dietary consumption
and biosynthesis. For 1n-3 and n-6 PUFAs, the percentages of LA, AA, EPA and DHA in total
plasma fatty acids, are acceptable marker of their habitual consumption, but the percentage
of ALA is not [22-24]. Long-chain n-6 and n-3 PUFA plasma concentrations are not affected
by the intake levels of their precursors, LA and ALA [25]. This may explain some of the
controversial findings regarding the intake of these fatty acids and their relationship to
bone health. In this study, we assessed the relationships between serum levels of different
PUFAs (n-6 and n-3), MUFAs and SFAs with bone density determined by quantitative bone
ultrasound (QUS), peripheral quantitative computed tomography (pQCT), and dual-energy
X-ray absorptiometry (DXA) in a sample of postmenopausal Spanish women.
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2. Materials and Methods
2.1. Subjects

Subjects: In this cross-sectional study, a total of 301 postmenopausal women (median
age 59 years; interquartile range (IQR) 7) that resided in the Urban Health District of Caceres,
Extremadura, Spain were enrolled from January 2019 to December 2019 in the local area
from both primary and specialty care settings. Participants were recruited by convenience
sampling from clinics. The participants underwent full densitometric screening, including
calcaneal quantitative ultrasound (QUS), peripheral quantitative computed tomography
(pQCT), and dual-energy X-ray absorptiometry (DXA). To be eligible for this study, these
women were all required to be community residents of white European descent and not to
have been diagnosed with functional mental or physical disabilities by either their current
primary care physician or a specialist actively participating in their medical care. They
were not prescribed any type of medication that might disrupt calcium metabolism (e.g.,
corticosteroids, oral anticoagulants, antipsychotics, etc.) and had no conditions, including
those presumed to be potentially involved in disorders of mineral metabolism (diabetes
mellitus, liver disease, renal osteodystrophy, or parathyroid, thyroid, adrenal, or ovarian
disease), that would interfere with calcium metabolism. The subjects were all active,
although none of them played any sport professionally The Ethical Advisory Committee
of the University of Extremadura endorsed this study (protocol code 84/2018 and date of
approval 6 July 2018). All the participants gave written informed consent in accordance
with the 1975 Declaration of Helsinki.

2.2. Anthropometry

Height was measured using a Harpenden stadiometer with a mandibular plane that
was parallel to the ground, while weight measurements were obtained with a biomedical
precision scale. Height was accurately assessed to the nearest centimeter, and weight was
measured to the nearest 100 g. All these measurements were performed while the subjects
were only lightly clothed and shoeless. Alcohol consumption was reported to be occasional
and did not exceed 100 mL/day. Body mass index (BMI) was computed as weight in
kilograms divided by the square of height in meters (kg/m?).

2.3. Dietary Assessment

All women who participated in this study were provided with a 131-item compre-
hensive 7-day food frequency questionnaire. Food was quantified using a dietetic scale,
measuring cups, and spoons. The questionnaire used was self-reported. The response
rate was 91.3%. This questionnaire has been used extensively in the literature [26]. Nutri-
ent and energy intake values were assessed according to the Spanish food composition
database [27].

2.4. Quantitative Bone Ultrasound

Heel bone characteristics were evaluated with a GE Sahara (Hologic, Bedford, MA,
USA) quantitative ultrasound (QUS) device. This apparatus acquires two key parameters:
broadband ultrasound attenuation (BUA), expressed in dB/MHz, provides a measure of
ultrasound decay with the incident frequency of the sound of the waves, and the speed of
sound (SOS), expressed in meters per second, reflects the time necessary for the ultrasound
waves to travel a given distance across the calcaneal bone.

2.5. Bone Densitometric Determinations

Peripheral quantitative computed tomography (pQCT) scans of the nondominant
distal forearm were performed with a Stratec XCT-2000 scanner (Stratec Medizintechnik,
Pforzheim, Germany). The equipment was positioned at the distal end of the nondominant
forearm, and 4% of the forearm length was scanned. The XCT-2000 measurement data were
processed with version 5.50 of the software supplied by the supplier. A pQCT scan provides
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a measure of volumetric bone mineral density and discriminates between trabecular bone
and cortical bone.

Women in this study also underwent bone densitometry by dual-energy X-ray ab-
sorptiometry (DXA) of the lumbar spine (L2-L4, L2, L3, L4) and hip (left femoral neck and
femoral trochanter) using a Norland XR-800 densitometer (Norland at Swissray, Fort Atkin-
son, WI, USA). All BMD measurements were given as the quantity of minerals divided by
the scanned area (g/cm?). Participants were classified into the osteopenia, osteoporosis or
normal group on the basis of the T-score at either the femoral neck or the spine (L2-L4).

The coefficient of variation (CV%) was below 2% in all bone measurements. We
scanned an anthropomorphic pQCT phantom in each session to guarantee quality.

2.6. Determination of Plasma Fatty Acids

Fasting blood samples were collected, and plasma was stored at —80 °C until further
analysis. Lipids were extracted from plasma samples, and fatty acids were isolated and
separated by gas chromatography with flame ionization detection (GC-FID). GC-FID
analysis was conducted using a Bruker Scion 456 GC equipped with a flame ionization
detector (FID) and a DB-225 ms (Agilent Technologies) capillary column (30 m x 0.25 mm
i.d., 0.25 um film thickness), high-purity helium as the carrier gas, and a 0.2 pL injection
volume, using a split/splitless capillary injection system at 220 °C with a split ratio of 100:1.
The temperature program was as follows: initial temperature 140 °C for 1 min, increase
by 10 °C/min to 200 °C, hold for 10 min, increase by 5 °C/min to 220 °C, and hold for
30 min. The total analysis run time was 51 min. A total of 17 different fatty acids were
assessed: C8:0 (caprylic acid), C10:0 (decanoic acid), C12:0 (lauric acid), C14:0 (myristic
acid), C16:0 (palmitic acid), C18:0 (stearic acid), C20:0 (arachidic acid), C22:0 (docosanoic
acid), C24:0 (lignoceric acid), C16:1 (palmitoleic acid), C18:1 cis (n9) (oleic acid), C22:1 (n9)
(erucic acid), C18:3 (n3) («-linolenic acid, or ALA), C20:5 (n3) (eicosapentaenoic acid, or
EPA), C22:6 (n3) (docosahexaenoic acid, or DHA), C18:2 (n6) (linoleic acid, or LA) and
C20:4 (n6) (arachidonic acid, or AA). The average coefficient of variation was ~60%.

2.7. Statistical Analysis

The results are reported as medians with interquartile ranges and frequency counts
with percentages, unless otherwise specified. Continuous variables were analyzed using
the Kruskal-Wallis test, the Mann—-Whitney U test, and the Quade test, while categorical
variables were analyzed using the chi-square test or Fisher’s exact test as appropriate.
Pairwise comparisons between each independent group were analyzed by Dunn’s test with
Bonferroni adjustment. The bivariate correlation analysis was carried out by calculating
Spearman’s correlation coefficient and then adjusting (partial correlations) for potential
confounding factors. Given that several variables included in this study did not fulfill the
normality criteria (by the Kolmogorov—Smirnov test) for the multiple linear regression
study, a two-step method was used to normalize the data prior to statistical analyses [28].
The variables included in the modeling were age (years), time since menopause (years),
BMI (kg/m?), vitamin D (mcg/day), calcium intake (mg/day), energy (kcal/day), total
plasma n-3 PUFAs, total plasma n-6 PUFAs, plasma n-6/n-3 ratio, total plasma SFAs,
total plasma MUFAs, and total plasma PUFAs. Logistic regression was used to assess the
probability of patients reaching an at-risk state for low bone mass, defined as a T-score < —1.
The logistic regression included age (years), time since menopause (years), BMI (kg/m?),
vitamin D (mcg/day), calcium intake (mg/day), and energy intake (kcal/day).

For all statistical analyses, a two-sided p value < 0.05 was considered statistically
significant. All analyses were performed with SPSS software (version 24.0, IBM Corp.,
Armonk, NY, USA).
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3. Results
3.1. Descriptive Data

The anthropometric, biological and dietary characteristics studied in the group of
women are shown in Table 1. Participants were grouped by diagnosis of osteopenia/
osteoporosis based on WHO T-score criteria, and these groups were not significantly
different in weight, age at menarche or years since menopause (p > 0.05). A significant
difference was observed in BMI, which was significantly increased in the group of healthy
women (p < 0.05). Overall, 80.7% (n = 243) of the participants were nonsmokers. No
differences were observed in the intake of vitamin D, calcium, or energy according to the
dietary questionnaire (p > 0.05).

Table 1. Anthropometric, biological, dietary and lifestyle characteristics in the study sample.

Total Sample (1 = 301)

Normal (n = 103)

Osteopenia (n = 145)

Osteoporosis (1 = 53)

Median (IQR); 7 (%) Median (IQR); n (%) Median (IQR); n (%) Median (IQR); n (%) p-Value
Age, years 59 (7) 58 (7) 60 (7) 60 (6) 0.071
Menarche age, years 13 (2) 12 (3) 13 (1) 13 (1) 0.842
Years since menopause, years 9(9) 9 (10) 8(9) 10 (10) 0.277
Weight, kg 66.4 (15.6) 70.6 (15.2) (a,b) 65.5 (13.8) () 58.1 (13.6) <0.001
Height, m 1.58 (0.07) 1.59 (0.07) 1.58 (0.07) 1.57 (0.07) 0.078
BMI (kg/m?) 26.6 (5.6) 27.7 (5.9) (a,b) 26.6 (5.3) (c) 24.7 (4) <0.001
BMI Classification
Underweight (<18.5) n=1(0.3%) n=11%) n =0 (0%) n=0(0%) 0.518
Normal weigth (18.5-24.9) n =98 (32.6%) n =23 (22.3%)(a,b) n =46 (31.7%) (c) n =29 (54.7%) 0.003
Overweight (25.0-29.9) n =135 (44.9%) n =47 (45.6%) (a,b) n =73 (50.3%) (c) n =15 (28.3%) 0.02
Obesity class I (30.0-34.9) n =50 (16.6%) n =21 (20.4%) n =23 (15.9%) n==6(11.3%) 0.359
Obesity class II (35.0-39.9) n =12 (4%) n =28 (7.8%) (a)b) n=2(1.4%) (c) n=2(3.8%) 0.02
Obesity class III (>40) n=>5(1.7%) n=23(2.9%) n=1(0.7%) n=1(1.9%) 0.327
Waist circumference, cm 87 (14) 91 (17) (a,b) 87 (13) (¢) 82 (13) <0.001
Hip, cm 104 (12) 107 (13) (a) 104 (11) () 100 (14) <0.001
Gravidity 2 (1) 2(1) 2 (1) 2(1) 0.256
Parity 2(1) 2(0) 2(1) 2(1) 0.44
Smoker
No n =243 (80.70%) n =86 (83.5%) n =116 (80%) n =41 (77.4%) 0.597
Yes n =58 (19.3%) n =17 (16.5%) n =29 (20%) n =12 (22.6%)
Fish intake (servings/week) 4(3) 34 4(3) 4(3) 0.783
Vitamin D (mcrg/day) 7.4 (8.23) 7.4 (8) 7.6 (7.83) 7.8 (12.26) 0.707
Calcium intake, mg/day 944 (663) 930 (516) 959 (652) 882 (821) 0.908
Energy, kcal/day 2099 (869) 2087 (883) 2048 (860) 2204 (874) 0.892

Between-group comparisons were performed using the Kruskal Wallis test or the Fisher exact test as appropriate. (a) Poshoc analysis by
Dunn’s test, p < 0.05 vs. osteoporosis group. (b) Poshoc analysis by Dunn’s test, p < 0.05 vs. osteopenia group. (c) Poshoc analysis by
Dunn'’s test, p < 0.05 vs. osteoporosis group.

The fatty acid profile of the study participants is shown in Table 2. A total of 17
different fatty acids were quantified. When subjects were categorized based on osteope-
nia/osteoporosis criteria, statistically significant differences were observed in the levels
of C12:0 (lauric acid) (p = 0.029), C16:0 (palmitic acid) (p = 0.018), C24:0 (lignoceric acid)
(p =0.043), C18:1 cis (n9) (oleic acid) (p = 0.013), and total plasma MUFAs (p = 0.016). No
statistically significant differences were observed in the levels of plasma total n-3 PUFAs,
plasma total n-6 PUFAs, plasma n-6/n-3 ratio, plasma total SFAs, or total PUFAs (p > 0.05
in all cases). The statistically significant differences observed remained after adjusting
for potential confounding factors in C16:0 palmitic acid (p = 0.036), C24:0 lignoceric acid
(p = 0.042), and C18:1 cis (n9) oleic acid (p = 0.045).
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Table 2. Plasma fatty acids profiles (%) in the studied sample.
Total Sample Normal Osteopenia Osteoporosis
(n =330) (n =103) (n = 145) (n =53)
Median IQR) ~ Median (IQR) ~ Median IQR)  Median 1IQR) ~ /F ‘;“1};1*:‘3

C8:0 Caprylic acid 0.06 (0.09) 0.06 (0.07) 0.05 (0.09) 0.08 (0.07) 0.057
C10:0 Decanoic acid 0(0) 0(0) 0(0) 0(0) N/A

C12:0 Lauric acid 0.07 (0.48) 0.06 (0.25) (a) 0.09 (0.55) 0.07 (0.08) 0.029 0.079
C14:0 Myristic acid 0.78 (0.28) 0.77 (0.26) 0.78 (0.31) 0.77 (0.25) 0.953

C16:0 Palmitic acid 39.88 (3.69) 402 (3.36) (a) 39.28 (3.49) (b) 40.22 (4.39) 0.018 0.036
C18:0 Stearic acid 24.99 (5.04) 25.23 (3.86) 24.72 (5.93) 25.78 (3.53) 0.195
C20:0 Arachidic acid 0.28 (1.08) 0.28 (0.89) 0.27 (1.11) 0.87 (1.21) 0.219
C22:0 Docosanoic acid 0.34 (0.17) 0.33 (0.16) 0.35 (0.18) 0.33 (0.14) 0.796

C24:0 Lignoceric acid 0.25 (0.15) 0.25 (0.14) 0.26 (0.17) (b) 0.22 (0.1) 0.043 0.042
C16:1 Palmitoleic acid 0.61 (0.39) 0.6 (0.39) 0.66 (0.4) 0.66 (0.38) 0.493

C18:1 cis (n9) Oleic acid 10.16 (4.16) 9.75 (3.01) (a) 10.82 (4.47) 9.57 (3.85) 0.013 0.045
C22:1 (n9) Erucic acid 0(0) 0(0) 0(0) 0 (0) N/A
C18:3 (n3) Linolenic acid (ALA) 0.31(0.77) 0.33 (0.97) 0.3 (0.75) 0.3(0.17) 0.309
C20:5 (n3) Eicosapentenoic acid (EPA) 0.3 (0.27) 0.28 (0.19) 0.34 (0.29) 0.26 (0.33) 0.251
C22:6 (n3) Docosahexenoic acid (DHA) 1.42 (0.92) 1.52 (0.85) 134 (0.97) 1.33(0.87) 0.123
C18:2 (n6) Linoleic acid (LA) 14.06 (4.12) 13.77 (3.98) 14.64 (4.43) 13.46 (3.4) 0.057
C20:4 (n6) Arachidonic acid (AA) 5.04 (1.95) 5.18 (1.65) 5 (2.4) 4.75 (1.28) 0.150
Plasma total n-3 PUFA 2.33 (1.53) 2.54 (1.29) 2.17 (1.78) 2.34 (1.35) 0.069
Plasma total 7-6 PUFA 18.92 (5.09) 18.85 (4.6) 19.11 (5.42) 18.64 (3.88) 0.247
Plasma n-6/n-3 ratio 8.28 (5.85) 7.94 (4.57) 8.93 (8.14) 7.77 (6.58) 0.091
Plasma total SFA 67.75 (7.45) 68.34 (6.93) 67.13 (8.58) 68.48 (5.22) 0.079

Plasma total MUFA 10.9 (4.31) 10.42 (3.08) (a) 11.75 (4.75) 10.37 (3.65) 0.016 0.057
Plasma total PUFA 21.48 (4.43) 21.48 (3.78) 21.68 (5.05) 20.85 (3.76) 0.284

Between-group comparisons were performed using the Kruskal Wallis test. (a) Poshoc analysis by Dunn’s test, p < 0.05 vs. osteopenia
group. (b) Poshoc analysis by Dunn’s test, p < 0.05 vs. osteoporosis group * Adjusted by, age, years since menopause, BMI and vitamin D,
calcium and energy intake (Quade’s test).

3.2. Bone Parameters and Fatty Acid Plasma Levels

In order to explore the potential role of n-3 PUFAs in determining bone density,
participants were classified based on the tertile of plasma n-3 PUFA levels (Table 3). This
analysis revealed statistically significant differences in cortical volumetric density (p = 0.048)
and BMD in the total spine (p = 0.011), L2 (p = 0.023), L3 (p = 0.033), and L4 (p = 0.004). The
Z-score and T-score at the lumbar spine also showed statistically significant differences
between the study groups (p < 0.05 in both cases). Regarding the hip, statistically significant
differences were observed at the femoral neck in terms of the T-score (p = 0.042) as well as
the Z-score (p = 0.035). We then proceeded to adjust this analysis for potential confounding
factors present in the study sample, such as age; years since menopause; BMI; and intake of
vitamin D, calcium, and energy. Differences observed in cortical volumetric BMD remained
statistically significant (p = 0.013), as did those reported at the lumbar spine (p = 0.043) and
L4 (p = 0.021). Previously reported differences in spine T-score and BMD at the femoral
neck level were no longer statistically significant after adjustment (p > 0.05). Across all
scores, the bone parameters determined to have statistically significant differences were
highest in the tertile with the highest plasma level of n-3 PUFAs.
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Table 3. Bone parameters by tertile of plasma n-3 PUFA (C18:3 (n3) Linolenic acid (ALA) + C20:5 (n3) Eicosapentenoic acid
(EPA) + C22:6 (n3) Docosahexenoic acid (DHA)).

Plasma Total n-3 PUFA Tertiles

Total Sample Lowest (<1.91) Middle (1.91-2.79) Highest (>2.79)
(n=301) (n=98) (n=101) (n=102)
Median (IQR); n Median (IQR); n Median (IQR); n Median (IQR); n p Adjusted
(%) (%) (%) (%) Value  p Value *
Quantitative Bone Ultrasound
BUA, dB/MHz 106 (14) 99 (10) 106 (15) 108 (14) 0.203
SOS, m/s 1541 (35) 1526 (29) 1544 (38) 1541 (36) 0.531
Volumetric BMD (mg/ cm®)
Total density (mg/cm?) 305.7 (73.7) 261.6 (71.5) 303 (81.4) 313.3 (80.3) 0.124
Trabecular density (mg/cm?) 163.1 (55.4) 131.7 (54.7) 164.5 (51.6) 161.5 (62.9) 0.72
Cortical density (mg/cm?) 418 (109.9) 350.3 (108.5) (a) 416 (123.7) 430.2 (98.9) 0.048 0.013
Bone morphometry (mm?)
Total area (mm?) 300.4 (54) 272.2 (59.5) 300.4 (55.7) 301.8 (48.8) 0.373
Trabecular area (mm?) 135.1 (24.4) 122.2 (26.8) 135.1 (25.1) 136.6 (24) 0.273
Cortical area (mm?) 165.3 (29.9) 150 (32.8) 165.3 (30.6) 167.1 (29.2) 0.274
Bone Mineral Density
BMD L2-14 (g/cm?) 0.912 (0.205) 0.815 (0.186) (a) 0.907 (0.216) 0.936 (0.232) 0.011 0.043
BMD L2 (g/cm?) 0.901 (0.204) 0.812 (0.171) (a) 0.902 (0.193) 0.933 (0.221) 0.023 0.123
BMD L3 (g/cm?) 0.925 (0.229) 0.821 (0.197) (a) 0.924 (0.243) 0.949 (0.226) 0.033 0.074
BMD L4 (g/cm?) 0.914 (0.204) 0.801 (0.184) (a) 0.895 (0.203) 0.954 (0.234) 0.004 0.021
Z-score (lumbar spine) 0.3 (1.6) —0.6 (1.3) (a) 0.2 (1.7) (b) 0.6 (1.6) 0.001 0.034
T-score (lumbar spine) —-1.3(2) —2.3(1.8) (a) —-1.3(2) —-1.1(2.2) 0.01 0.050
BMD Femoral trochanter (g/cmz) 0.759 (0.13) 0.704 (0.107) 0.753 (0.185) 0.786 (0.149) 0.239
BMD Femoral neck (g/cm?) 0.611 (0.139) 0.529 (0.125) (a) 0.612 (0.136) 0.644 (0.138) 0.042 0.054
Z-score (hip) 0.5(1.4) —0.2(1.1) (a) 0.4 (1.7) 0.8 (1.7) 0.035 0.064
T-score (hip) —0.8 (1.3) —-1.3(1.1) —0.8(1.7) —0.5(1.5) 0.234
Bone health
Normal n =103 (34.2%) n =24 (23.3%) n =38 (36.9%) n =41 (39.8%) 0.113
Osteopenia n =145 (48.2%) n =55 (37.9%) n =43 (29.7%) n =47 (32.4%)
Osteoporosis n =53 (17.6%) n =19 (35.8%) n =20 (37.7%) n =14 (26.4%)

Between-group comparisons were performed using the Kruskal Wallis test or the Chi-square test as appropriate. (a) Poshoc analysis
by Dunn’s test, p < 0.05 vs. higher tertile. (b) Poshoc analysis by Dunn’s test, p < 0.05 vs. higher tertile. * Adjusted by, age, years since
menopause, BMI and vitamin D, calcium and energy intake (Quade’s test).

A similar analysis was performed on plasma n-6 PUFA levels. Participants were clas-
sified into tertiles according to their plasma n-6 PUFA concentration; the results are shown
in Table 4. Statistically significant differences were observed in the SOS as determined by
QUS (p = 0.045), with the highest tertile of plasma n-6 PUFAs being significantly higher
than the middle tertile. This observed difference did not remain statistically significant
after adjustment for potential confounding factors.

The ratio of n-6 to n-3 PUFAs was also studied, in addition to its association with the
bone parameters analyzed (Table 5). After participants were classified according to the
tertile of the n-6/n-3 PUFA ratio, statistically significant differences in lumbar Z-score were
observed (p = 0.016), but these differences did not remain after adjustment for potential
confounding factors (p = 0.166).

The role of the studied SFAs is shown in Table 6. After the participants were classified
according to their plasma SFA tertiles, no statistically significant differences between groups
were observed in any of the groups studied.



Nutrients 2021, 13, 1454 8 of 20

Table 4. Bone parameters by tertile of plasma -6 PUFA (C18:2 (n6) Linoleic acid (LA) + C20:4 (n6) Arachidonic acid (AA)).

Plasma Total n-6 PUFA Tertiles

Total Sample Lowest (<17.59)  Middle (17.59-20.49)  Highest (>20.49)
(n =301) (n=98) (n=101) (n=102)
Median (IQR); n Median (IQR); n Median (IQR); n Median (IQR); n p Adjusted
(%) (%) (%) (%) Value  p Value *
Quantitative Bone Ultrasound
BUA (dB/MHz) 106 (14) 105 (14) 106 (14) 107 (13) 0.599
SOS (m/s) 1541 (35) 1540 (29) 1539 (36) (a) 1546 (35) 0.045 0.320
Volumetric BMD (mg/cm?)
Total density (mg/cm?) 305.7 (73.7) 298.2 (82.4) 309.9 (74.7) 308 (65.9) 0.546
Trabecular density (mg/cm?) 163.1 (55.4) 162.1 (55.3) 164.6 (62.3) 164 (51.7) 0.664
Cortical density (mg/cm?) 418 (109.9) 409 (120.6) 429.3 (102.5) 423.1 (107.2) 0.422
Bone morphometry (mm?)
Total area (mm?) 300.4 (54) 299.5 (48.1) 304 (51.2) 294 (55) 0.123
Trabecular area (mm?) 135.1 (24.4) 135.3 (21) 136.8 (22.9) 132.1 (24.8) 0.11
Cortical area (mm?) 165.3 (29.9) 165.5 (26.1) 167 (28.2) 161.9 (30.3) 0.116
Bone Mineral Density
BMD L2-L4 (g/cm?) 0.912 (0.205) 0.913 (0.252) 0.92 (0.187) 0.903 (0.194) 0.828
BMD L2 (g/cm?) 0.901 (0.204) 0.886 (0.221) 0.915 (0.196) 0.884 (0.185) 0.746
BMD L3 (g/cm?) 0.925 (0.229) 0.906 (0.266) 0.942 (0.197) 0.915 (0.197) 0.759
BMD L4 (g/cm?) 0.914 (0.204) 0.926 (0.258) 0.913 (0.186) 0.916 (0.178) 0.873
Z-score (lumbar spine) 0.3 (1.6) 0.3(2.2) 0.3 (1.3) 0.1 (1.5) 0.694
T-score (lumbar spine) —-1.3(2) -1.3(2.4) —-1.3(1.8) —-1.4(1.8) 0.856
BMD Femoral trochanter (g/cm?) 0.759 (0.13) 0.756 (0.135) 0.756 (0.121) 0.762 (0.149) 0.855
BMD Femoral neck (g/cm?) 0.611 (0.139) 0.607 (0.148) 0.622 (0.12) 0.606 (0.135) 0.645
Z-score (hip) 0.5(1.4) 0.6 (1.3) 0.5 (1.5) 0.5(1.4) 0.95
T-score (hip) —0.8 (1.3) —0.8(1.2) —0.8 (1.3) —0.7 (1.4) 0.856
Bone health
Normal n =103 (34.2%) n =38 (36.9%) n =32 (31.1%) n =33 (32%) 0.390
Osteopenia n =145 (48.2%) n =40 (27.6%) n =50 (34.5%) n =55 (37.9%)
Osteoporosis n =53 (17.6%) n =20 (37.7%) n =19 (35.8%) n =14 (26.4%)

Between-group comparisons were performed using the Kruskal Wallis test or the Chi-square test as appropriate. (a) Poshoc analysis
by Dunn’s test, p < 0.05 vs. higher tertile. * Adjusted by, age, years since menopause, BMI and vitamin D, calcium and energy intake
(Quade’s test).

Table 7 shows the results for the studied MUFAs. After the participants were classified
on the basis of tertiles, statistically significant differences were observed in total (p = 0.02),
trabecular (p = 0.014) and cortical (p = 0.014) bone morphometry. These statistically signifi-
cant differences indicated a smaller area (mm?) in those women belonging to the highest
tertile of plasma MUFAs and remained statistically significant after adjustment for poten-
tial confounding factors (Table 7). In the group of women with high plasma MUFAs, the
percentage of osteopenic women was also significantly increased.

When all measured PUFAs were pooled and participants were classified based on
their plasma tertile (Table 8), statistically significant differences were observed in the SOS as
determined by QUS (p = 0.004), but these differences did not remain statistically significant
after adjustment for potential confounding factors.
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Table 5. Bone parameters by tertile of plasma n-6 PUFA /n-3 PUFA ratio.
Plasma Total n-6/n-3 PUFA Tertiles
Total Sample Lowest (<6.79) Middle (6.79-10.27) Highest (>10.27)
(n =301) (n=98) (n=101) (n=102)
Median (IQR); n Median (IQR); n Median (IQR); n Median (IQR); n P Adjusted
(%) (%) (%) (%) Value  p Value *
Quantitative Bone Ultrasound
BUA (dB/MHz) 106 (14) 105 (14) 106 (14) 107 (13) 0.683
SOS (m/s) 1541 (35) 1540 (29) 1539 (36) 1546 (35) 0.982
Volumetric BMD (mg/cm?)
Total density (mg/cm?) 305.7 (73.7) 298.2 (82.4) 309.9 (74.7) 308 (65.9) 0.154
Trabecular density (mg/cm?) 163.1 (55.4) 162.1 (55.3) 164.6 (62.3) 164 (51.7) 0.875
Cortical density (mg/cm?) 418 (109.9) 409 (120.6) 429.3 (102.5) 423.1 (107.2) 0.099
Bone morphometry (mm?)
Total area (mm?) 300.4 (54) 299.5 (48.1) 304 (51.2) 294 (55) 0.966
Trabecular area (mm?) 135.1 (24.4) 135.3 (21) 136.8 (22.9) 132.1 (24.8) 0.88
Cortical area (mm?) 165.3 (29.9) 165.5 (26.1) 167 (28.2) 161.9 (30.3) 0.883
Bone Mineral Density
BMD L2-L4 (g/cm?) 0.912 (0.205) 0.913 (0.252) 0.92 (0.187) 0.903 (0.194) 0.152
BMD L2 (g/cm?) 0.901 (0.204) 0.886 (0.221) 0.915 (0.196) 0.884 (0.185) 0.247
BMD L3 (g/cm?) 0.925 (0.229) 0.906 (0.266) 0.942 (0.197) 0.915 (0.197) 0.3
BMD L4 (g/cm?) 0.914 (0.204) 0.926 (0.258) 0.913 (0.186) 0.916 (0.178) 0.05
Z-score (lumbar spine) 0.3 (1.6) 0.3(2.2) (a) 0.3 (1.3) (b) 0.1 (1.5) 0.016 0.166
T-score (lumbar spine) —-1.3(2) -1.3(2.4) —-1.3(1.8) —-1.4(1.8) 0.132
BMD Femoral trochanter (g/cm?) 0.759 (0.13) 0.756 (0.135) 0.756 (0.121) 0.762 (0.149) 0.48
BMD Femoral neck (g/cm?) 0.611 (0.139) 0.607 (0.148) 0.622 (0.12) 0.606 (0.135) 0.157
Z-score (hip) 0.5(1.4) 0.6 (1.3) 0.5 (1.5) 0.5 (1.4) 0.081
T-score (hip) —0.8(1.3) —0.8(1.2) —0.8(1.3) —-0.7 (1.4) 0.413
Bone health
Normal n =103 (34.2%) n =38 (36.9%) n =39 (37.9%) n =26 (25.2%) 0.194
Osteopenia n =145 (48.2%) n =42 (29%) n =46 (31.7%) n =57 (39.3%)
Osteoporosis n =53 (17.6%) n =19 (35.8%) n =15 (28.3%) n =19 (25.8%)

Between-group comparisons were performed using the Kruskal Wallis test or the Chi-square test as appropriate. (a) Poshoc analysis
by Dunn’s test, p < 0.05 vs. higher tertile. (b) Poshoc analysis by Dunn’s test, p < 0.05 vs. higher tertile. * Adjusted by, age, years since

menopause, BMI and vitamin D, calcium and energy intakes (Quade’s test).

Table 6. Bone parameters by tertile of plasma Saturated Fatty Acids (SFA).

Plasma Total SFA Tertiles

Total Sample Lowest (<65.35) Middle (65.35-69.28) Highest (>69.28)
(n =301) (n=99) (n =100) (n=102)
Median (IQR); n (%)  Median (IQR); n (%)  Median (IQR); n (%) Median (IQR); n (%) p Value
Quantitative Bone Ultrasound
BUA (dB/MHz) 106 (14) 107 (12) 106 (13) 105 (16) 0.604
SOS (m/s) 1541 (35) 1549 (35) 1540 (31) 1540 (32) 0.052
Volumetric BMD (mg/cm?)
Total density (mg/cm?) 305.7 (73.7) 302.4 (68.4) 303.2 (71.5) 308 (80.7) 0.726
Trabecular density (mg/cm3) 163.1 (55.4) 163.4 (50) 162.4 (60.8) 164.3 (60.6) 0.902
Cortical density (mg/cm3) 418 (109.9) 414 (109.7) 419 (109.4) 426.5 (117.4) 0.653
Bone morphometry (mm?)
Total area (mm?) 300.4 (54) 296.9 (48.4) 303.1 (53.6) 302 (53.2) 0.154
Trabecular area (mm?) 135.1 (24.4) 133 (21.6) 136.4 (24.2) 136 (22.2) 0.135
Cortical area (mm?) 165.3 (29.9) 163.6 (26.8) 166.7 (29.4) 166.6 (27.5) 0.142
Bone Mineral Density
BMD L2-L4 (g/cm?) 0.912 (0.205) 0.901 (0.18) 0.917 (0.204) 0.926 (0.225) 0.738
BMD L2 (g/cm?) 0.901 (0.204) 0.88 (0.186) 0.894 (0.188) 0.922 (0.213) 0.862
BMD L3 (g/cm?) 0.925 (0.229) 0.913 (0.204) 0.925 (0.225) 0.946 (0.241) 0.776
BMD L4 (g/cm?) 0.914 (0.204) 0.896 (0.171) 0.919 (0.223) 0.924 (0.225) 0.709
Z-score (lumbar spine) 0.3 (1.6) 0.1(1.4) 0.3 (1.5) 04 (1.9) 0.697
T-score (lumbar spine) —-1.3(2) —-1.4(1.7) —1.3(1.9) -12(2.2) 0.727
BMD Femoral trochanter (g/cm?) 0.759 (0.13) 0.756 (0.157) 0.757 (0.121) 0.771 (0.149) 0.715
BMD Femoral neck (g/cm?) 0.611 (0.139) 0.607 (0.135) 0.609 (0.137) 0.625 (0.145) 0.486
Z-score (hip) 0.5(1.4) 0.5 (1.6) 0.5(1.2) 0.5(1.5) 0.751
T-score (hip) —0.8(1.3) —0.8(1.4) —0.7 (1.1) —0.7 (1.6) 0.664
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Table 6. Cont.
Plasma Total SFA Tertiles
Total Sample Lowest (<65.35) Middle (65.35-69.28) Highest (>69.28)
(n=301) n=99) (n =100) (n=102)
Median (IQR); n (%)  Median (IQR); n (%) Median (IQR); n (%)  Median (IQR); 1 (%) p Value
Bone health
Normal n =103 (34.2%) n =29 (28.2%) n =33 (32%) n =41 (39.8%) 0.100

Osteopenia n =145 (48.2%) n =57 (39.3%) n =49 (33.8%) n =39 (26.9%)
Osteoporosis n =53 (17.6%) n =13 (24.5%) n =18 (34%) n =22 (41.5%)

Between-group comparisons were performed using the Kruskal Wallis test or the Chi-square test as appropriate. SFA (Saturated Fatty Acid:
C8:0 Caprylic acid, + C10:0 Decanoic acid, + C12:0 Lauric acid, + C14:0 Myristic acid, + C16:0 Palmitic acid, + C18:0 Stearic acid, + C20:0
Arachidic acid, + C22:0 Docosanoic acid, + C24:0 Lignoceric acid).

Table 7. Bone parameters by tertile of plasma Monounsaturated Fatty Acids (MUFA) (C16:1 Palmitoleic acid + C18:1 cis (n9)
Oleic acid + C22:1 (n9) Erucic acid).

Plasma Total MUFA Tertiles

Total Sample Lowest (<9.66) Middle (9.66-12.37)  Highest (>12.37)
(n=301) (n=99) (n =100) (n=102)
Median (IQR); n Median (IQR); n Median (IQR); n Median (IQR); n p Adjusted
(%) (%) (%) (%) Value  p Value *
Quantitative Bone Ultrasound
BUA (dB/MHz) 106 (14) 107 (17) 105 (12) 106 (11) 0.395
SOS (m/s) 1541 (35) 1540 (33) 1541 (38) 1544 (35) 0.836
Volumetric BMD (mg/ cm®)
Total density (mg/cm3) 305.7 (73.7) 309.4 (79.9) 306.7 (83) 294.7 (69.1) 0.409
Trabecular density (mg/ cm?) 163.1 (55.4) 159.1 (59.4) 164.6 (57.8) 164.5 (53.6) 0.885
Cortical density (mg/cm?) 418 (109.9) 4341 (109.2) 420.6 (121.5) 408.5 (106.5) 0.141
Bone morphometry (mm?)
Total area (mm?) 300.4 (54) 307 (48.8) (a) 302.2 (63.9) (b) 290.7 (41.8) 0.02 0.012
Trabecular area (mm?) 135.1 (24.4) 137.8 (21.2) (a) 135.8 (28.5) (b) 130.9 (18.8) 0.014 0.006
Cortical area (mm?) 165.3 (29.9) 169.2 (25.8) (a) 166.4 (35.4) (b) 160.3 (23) 0.014 0.006
Bone Mineral Density
BMD L2-14 (g/cm?) 0.912 (0.205) 0.927 (0.216) 0.934 (0.228) 0.883 (0.173) 0.078
BMD L2 (g/cm?) 0.901 (0.204) 0.919 (0.22) 0.912 (0.226) 0.865 (0.161) 0.07
BMD L3 (g/cm?) 0.925 (0.229) 0.941 (0.214) 0.953 (0.245) 0.896 (0.162) 0.056
BMD L4 (g/cm?) 0.914 (0.204) 0.933 (0.205) 0.923 (0.231) 0.879 (0.179) 0.26
Z-score (lumbar spine) 0.3 (1.6) 0.4 (1.9 0.3 (1.6) 0(1.4) 0.308
T-score (lumbar spine) —-1.3(2) —-1.2(2) -1.12.2) —-1.6(1.7) 0.075
BMD Femoral trochanter (g/cmz) 0.759 (0.13) 0.779 (0.171) 0.759 (0.127) 0.744 (0.139) 0.219
BMD Femoral neck (g/cm?) 0.611 (0.139) 0.63 (0.135) 0.594 (0.143) 0.609 (0.138) 0.229
Z-score (hip) 0.5(1.4) 0.6 (1.7) 0.5 (1.3) 0.4 (14) 0.586
T-score (hip) —0.8(1.3) —0.6 (1.7) —0.7(1.2) —0.9(1.3) 0.179
Bone health
Normal n =103 (34.2%) n =37 (35.9%) n =42 (40.8%) n =24 (23.3%) 0.020
Osteopenia n =145 (48.2%) n =41 (28.3%) n =42 (29%) n =62 (42.8%)
Osteoporosis n =53 (17.6%) n =21 (39.6%) n =16 (30.2%) n =16 (30.2%)

Between-group comparisons were performed using the Kruskal Wallis test or the Chi-square test as appropriate. (a) Poshoc analysis
by Dunn’s test, p < 0.05 vs. higher tertile. (b) Poshoc analysis by Dunn’s test, p < 0.05 vs. higher tertile. * Adjusted by, age, years since
menopause, BMI and vitamin D, calcium and energy intakes (Quade’s test).
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Table 8. Bone parameters by tertile of total plasma PUFA.
Plasma Total PUFA Tertiles
Total Sample Lowest (<20.28)  Middle (20.28-22.95)  Highest (>22.95)
(n =301) (n=99) (n=101) (n=101)
Median (IQR); n Median (IQR); n Median (IQR); n Median (IQR); n p Adjusted
(%) (%) (%) (%) Value  p Value *
Quantitative Bone Ultrasound
BUA (dB/MHz) 106 (14) 105 (15) 106 (15) 107 (14) 0.125
SOS (m/s) 1541 (35) 1538 (28) (a) 1541 (31) (b) 1551 (38) 0.004 0.588
Volumetric BMD (mg/cm?3)
Total density (mg/cm?) 305.7 (73.7) 303.2 (82.3) 307.3 (80.3) 306.3 (65.70) 0.671
Trabecular density (mg/cms) 163.1 (55.4) 162.2 (59.6) 166.5 (57.1) 161.4 (51.5) 0.49
Cortical density (mg/cm?) 418 (109.9) 414.2 (124.8) 429.3 (103.5) 421.5 (108.8) 0.517
Bone morphometry (mm?)
Total area (mm?) 300.4 (54) 296.6 (47 .4) 302.8 (53.3) 298 (57.8) 0.512
Trabecular area (mm?) 135.1 (24.4) 133.3 (21.2) 136.8 (24) 134 (26.1) 0.405
Cortical area (mm?) 165.3 (29.9) 163.3 (26.3) 167 (28.9) 164.7 (31.7) 0.414
Bone Mineral Density
BMD L2-L4 (g/cm?) 0.912 (0.205) 0.883 (0.215) 0.934 (0.185) 0.904 (0.198) 0.14
BMD L2 (g/cm?) 0.901 (0.204) 0.873 (0.209) 0.923 (0.211) 0.901 (0.185) 0.216
BMD L3 (g/cm?) 0.925 (0.229) 0.898 (0.251) 0.951 (0.206) 0.916 (0.21) 0.144
BMD L4 (g/cm?) 0.914 (0.204) 0.877 (0.244) 0.939 (0.182) 0.914 (0.181) 0.094
Z-score (lumbar spine) 0.3 (1.6) 0.1(2) 0.4 (1.2) 0.2(1.4) 0.305
T-score (lumbar spine) —-1.3(2) —1.6 (2) —-1.1(1.8) —-1.4(1.9) 0.173
BMD Femoral trochanter (g/cm?) 0.759 (0.13) 0.745 (0.13) 0.78 (0.103) 0.759 (0.177) 0.178
BMD Femoral neck (g/cm?) 0.611 (0.139) 0.602 (0.137) 0.625 (0.118) 0.604 (0.141) 0.291
Z-score (hip) 0.5(1.4) 0.4 (14) 0.6 (1.4) 0.5 (1.6) 0.313
T-score (hip) —0.8 (1.3) —0.9 (1.3) —0.6 (1.1) —0.8 (1.6) 0.197
Bone health
Normal n =103 (34.2%) n =31 (30.1) n =39 (37.9%) n =33 (32.0%) 0.428
Osteopenia n =145 (48.2%) n =46 (31.7%) n =45 (31%) n =54 (37.2%)
Osteoporosis n =53 (17.6%) n =22 (41.5%) n =17 (32.1%) n =14 (26.4%)

Between-group comparisons were performed using the Kruskal Wallis test or the Chi-square test as appropriate. (a) Poshoc analysis
by Dunn’s test, p < 0.05 vs. higher tertile. (b) Poshoc analysis by Dunn’s test, p < 0.05 vs. higher tertile. * Adjusted by, age, years since
menopause, BMI and vitamin D, calcium and energy intakes (Quade’s test). Total plasma PUFA: C18:3 (n3) Linolenic acid (ALA) +
C20:5 (n3) Eicosapentenoic acid (EPA) + C22:6 (n3) Docosahexenoic acid (DHA) + C18:2 (n6) Linoleic acid (LA) + C20:4 (n6) Arachidonic

acid (AA).

3.3. Correlation Study

To further investigate the associations between BMD in the women studied and the
fatty acids studied, we conducted an analysis using bivariate correlations and then partial
correlations adjusted for age; years since menopause; BMI; and intake levels of vitamin
D, calcium, and energy. The results are shown in Table 9. Statistically significant positive
correlations were observed between BMD and plasma 7n-3 PUFA levels at the lumbar spine
(r=0.157; p = 0.006), L2 (r = 0.143; p = 0.013), L3 (r = 0.128; p = 0.026 and L4 (r = 0.17§;
p = 0.002) and femoral neck (r = 0.153; p = 0.008). Statistically significant and negative
bivariate correlations were also reported between BMD and plasma n-6/n-3 PUFA levels
at the lumbar spine (r = —0.121; p = 0.035), L4 (r = —0.156; p = 0.007) and femoral neck
(r = —0.124; p = 0.031). Subsequent analysis of the partial correlations adjusted for the
confounding factors studied showed that those observed for lumbar spine BMD and plasma
levels of n-3 PUFAs remained statistically significant and positive (total spine (r = 0.150;
p =0.014), L2 (r = 0.141; p = 0.021), L3 (r = 0.129; p = 0.035), L4 (r = 0.170; p = 0.005) and
femoral neck (r = 0.143; p = 0.019)). The bivariate correlations observed between plasma
n-6/n-3 PUFA levels and the lumbar spine and femoral neck did not remain statistically
significant (p = 0.086 and p = 0.073, respectively), although the correlation with L4 BMD
did remain significant (r = —0.139; p = 0.023).
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Table 9. Bivariate and partial correlations between plasma fatty acids and bone mineral density at either the lumbar spine

or the hips.
Variables BMD L2-14 BMD12 BMDL3 BMDIL4 BMD Femoral BMD Femoral
(g/cm?) (g/cm?) (g/cm?) (g/cm?) Trochanter (g/cm?) Neck (g/cm?)
Plasma total n-3 PUFA Spearman Rho 0.157 0.143 0.128 0.178 0.11 0.153
p Value 0.006 0.013 0.026 0.002 0.056 0.008
Adjusted coefficient * 0.150 0.141 0.129 0.170 0.143
p Value 0.014 0.021 0.035 0.005 0.019
Plasma total n-6 PUFA Spearman Rho 0.015 0.041 0.026 —0.013 0.027 —0.021
p Value 0.802 0.481 0.652 0.819 0.636 0.721
Plasma n-6/n-3 ratio Spearman Rho —0.121 —0.094 —0.094 —0.156 —0.069 —-0.127
p Value 0.035 0.102 0.102 0.007 0.23 0.035
Adjusted coefficient * —0.105 —0.139 —0.110
p Value 0.086 0.023 0.073
Plasma total SFA Spearman Rho 0.031 0.016 0.026 0.034 0.027 0.057
p Value 0.59 0.776 0.659 0.552 0.639 0.324
Plasma total MUFA Spearman Rho —0.106 —0.113 —0.097 —0.082 —0.101 —0.091
p Value 0.066 0.05 0.092 0.155 0.08 0.114
Plasma total PUFA Spearman Rho 0.056 0.077 0.058 0.037 0.056 0.012
p Value 0.336 0.18 0.312 0.517 0.33 0.829

* Partial non parametric correlations adjusted by, age, years since menopause, BMI and vitamin D, calcium and energy intakes.

Partial correlations between the fatty acid profile and BMD at the spine or hip level
are shown in Supplementary Table S1. After adjustment for potential confounders, the
correlations observed between ALA and BMD L4 (r = 0. 123; p = 0.044) and between DHA
and BMD at the lumbar spine (r = 0.135; p = 0.026), L2 (r = 0.148; p = 0.015), L3 (r = 0.122;
p = 0.045), L4 (r = 0.136; p = 0.0.26), and femoral neck (r = 0.132; p = 0.031) remained
statistically significant. A statistically significant partial correlation was also observed
between erucic acid and BMD at the femoral neck level (r = —0.122; p = 0.035).

3.4. Multiple Linear Regression Study: Identification of Predictors

Independent relationships between BMD and the fatty acids studied were also ex-
plored using multiple linear regression including age (years), BMI (kg/m?), vitamin D
(mcg/day), calcium intake (mg/day), energy (kcal/day), plasma total n-3 PUFA, plasma
total n-6 PUFA, plasma n-6/n-3 ratio, plasma total SFA, plasma total MUFA and plasma
total PUFA as explanatory variables. An independent statistically significant positive
relationship was observed between BMD at the spine and BMI (3 = 0.288; p = 0.001) as
well as plasma total n-3 PUFAs (3 = 0.155; p = 0.009), while a negative association was
observed with age (3 = —0.163; p = 0.006). The proposed model accounted for up to 11%
of the variability associated with spine BMD in the study group (Table 10). Subsequently,
we proceeded to repeat the analysis after classifying the participants based on the WHO
osteopenia/osteoporosis criteria (Table 10). In the group of women with normal T-scores,
only n-3 PUFA plasma levels (3 = 0.273; p = 0.001) functioned as a positive predictor of
BMD at the lumbar spine level, yielding a model that explained only 7% of the observed
variability. In osteopenic women, the predictor included in the model was daily energy
intake ( = 0.226; p = 0.011). Finally, in osteoporotic women, the model included a positive
relationship with plasma n-3 PUFA levels (3 = 0.290; p = 0.024) and a negative relation-
ship with plasma MUFA levels (3 = —0.411; p = 0.002). This model explained 28% of the
variability observed in BMD at the lumbar level.

A parallel analysis was performed for BMD at the femoral neck level (Table 11).
Overall, in the study sample, BMI 3 = 0.394; p < 0.001) and plasma n-3 PUFA levels
(B = 0.146; p = 0.009) were positive predictors of BMD at the femoral neck level. The
global model accounted for a total of 18% of the reported variability (Table 11). After
the subjects were categorized according to the WHO osteopenia/osteoporosis criteria, no
predictors of BMD at the femoral neck level were identified in the group of osteoporotic
women (Table 11). In the group of women with normal T-scores, the positive predictors
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observed were BMI (3 = 0.320; p = 0.002) and plasma n-3 PUFAs (3 =0.245; p = 0.015). This
generated a model explaining 18% of the observed variability. In the group of osteoporotic
women, only BMI 3 = 0.299; p = 0.001) was incorporated into the model as a positive
predictor of BMD at the femoral neck level. The model was able to explain only 9% of the
observed variability.

Table 10. Multiple linear regression analysis for the BMD at the lumbar spine.

Total sample. Spine BMD

Optimal model R2 Adjusted R2 F p
0.126 0.116 12.552 <0.001
Selected independent variables standardized B t p
BMI (kg/m?) 0.288 4961 <0.001
Age (years) —0.163 —2.769 0.006
Plasma total n-3 PUFA 0.155 2.643 0.009
Normal women. Spine BMD
Optimal model R2 Adjusted R2 F p
0.074 0.064 6.922 0.01
Selected independent variables standardized B t p
Plasma total -3 PUFA 0.273 2.631 0.01
Osteopenic women. Spine BMD
Optimal model R2 Adjusted R2 F p
0.051 0.044 6.737 0.011
Selected independent variables standardized B t p
Energy (kcal/day) 0.226 2.596 0.011
Osteoporotic women. Spine BMD
Optimal model R2 Adjusted R2 F p
0.283 0.253 9.282 <0.001
Selected independent variables standardized B t p
Plasma total MUFA —-0411 —3.303 0.002
Plasma total n-3 PUFA 0.290 2.323 0.024

Predictors: Age (years), Years since menopause (years), BMI (kg/m?), Vitamin D (ug/day), Calcium intake (mg/day), Energy (kcal/day),
Plasma total n-3 PUFA, Plasma total n-6 PUFA, Plasma n-6/n-3 ratio, Plasma total SFA, Plasma total MUFA and Plasma total PUFA.

Table 11. Multiple linear regression analysis for the BMD at the femoral neck.

Total sample. Femoral neck BMD

Optimal model R2 Adjusted R2 F p
0.185 0.179 29.946 <0.001
Selected independent variables standardized B t p
BMI (kg/m?) 0.394 7.068 <0.001
Plasma total n-3 PUFA 0.146 2.615 0.009
Normal women sample. Femoral neck BMD
Optimal model R2 Adjusted R2 F p
0.187 0.168 9.797 <0.001
Selected independent variables standardized B t p
BMI (kg/m?) 0.320 3.227 0.002
Plasma total n-3 PUFA 0.245 2.477 0.015
Osteopenic women sample. Femoral neck BMD
Optimal model R2 Adjusted R2 F p
0.090 0.082 12.410 0.001
Selected independent variables standardized B t p
BMI (kg/m?) 0.299 3.523 0.001

Predictors: Age, years. Years since menopause, years. BMI (kg/m?), Vitamin D (nug/day), Calcium intake (mg/day), Energy (kcal/day),
Plasma total n-3 PUFA, Plasma total n-6 PUFA, Plasma n-6/n-3 ratio, Plasma total SFA, Plasma total MUFA and Plasma total PUFA.
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3.5. Logistic Regression Analysis for Low Bone Mass (T-score < 1)

Independent risk factors for low BMD (T-score < 1) were determined by logistic
regression analysis. The analysis identified a higher BMI (OR = 0.893; 95% CI 0.841-0.948),
p <0.001) and a higher level of plasma n-3 PUFAs (OR = 0.751; 95% CI 0.587-0.960, p = 0.022)
as protective factors against low bone mass. No other statistically significant factors were
observed in the study sample (Table 12). Regarding the fatty acid profile and the risk of low
bone mass, the results are shown in Supplementary Table S2, and no statistically significant
results were observed.

Table 12. Logistic regression of predictors associated with low BMD (T < —1 score).

Univariate Multivariate
OR 95% CI p Value OR 95% CI p Value
Age, years 1.040 0.997-1.084 0.068
Years since menopause, years 0.987 0.956-1.020 0.439
BMI (kg/m?) 0.905 0.858-0.954 <0.001 0.893 0.841-0.948  p <0.001
Vitamin D (ug/day) 1.000 0.993-1.006 0.895
Calcium intake (mg/day) 1.000 1.000-1.001 0.785
Energy (kcal/day) 1.000 1.000-1.000 0.676
Plasma total n-3 PUFA 0.791 0.635-0.984 0.035 0.751 0.587-0.960 0.022
Plasma total n-6 PUFA 1.014 0.953-1.079 0.655
Plasma n-6/n-3 ratio 1.024 0.998-1.050 0.069
Plasma total SFA 0.982 0.942-1.023 0.379
Plasma total MUFA 1.073 0.993-1.158 0.075
Plasma total PUFA. 0.995 0.935-1.058 0.874

OR: Odds ratio; CI: Confidence interval; Reference level _ T-score at either spine or femoral neck > —1. Multivariate model adjusted by: Age
(years), Years since menopause (years) BMI (kg/m?), Vitamin D (nug/day), Calcium intake (mg/day), Energy (kcal/day).

4. Discussion

To the best of our knowledge, this is the first investigation of the association between
the plasma fatty acid profile and bone density as determined by QUS, pQCT, and DXA. No
consistent associations have been established between the levels of most of the fatty acids
studied by QUS and pQCT. However, we have identified a stable association between the
highest level of plasma n-3 PUFAs (ALA + EPA + DHA) and BMD at the level of the lumbar
spine, but the individual role that the plasma level of each of these fatty acids might play in
relation to BMD is difficult to interpret since each of these omega-3 fatty acids has different
functions. Combined analysis reported here lead us to believe that they confirm previous
findings obtained from observational studies in which it was observed that dietary intake
of n-3 PUFAs acids was associated with better bone health and even with a reduction in the
risk of fractures. Furthermore, these results lead us to consider that most of the fatty acids
studied do not seem to have a notable impact and that future research should focus on
deepening the role of n-3 PUFAs. Our results indicate that there is a consistent association
with BMD at the lumbar level and probably a weaker association with BMD at the femoral
neck area, but nevertheless, their higher concentration is associated with a lower risk of
developing low bone mass in our sample of postmenopausal Spanish women.

Very few studies have established a relationship between the plasma fatty acid profile
and bone density; most of these studies are focused on the study of n-3 and n-6 PUFAs
and BMD determined by DXA. However, more data are available on associations between
dietary intake of these fatty acids and BMD as if diets are rich in ALA + EPA + DHA
then it is expected a higher level of plasma 1-3 PUFAs and particularly, it has been shown
that fatty acids are incorporated into plasma phospholipids after intake [29]. Hence,
appropriate nutritional management, such as intake of -3 fatty acids, may be a strategy to
maximise peak bone mass in the female hip [30]. The interrelations of total and individual
dietary PUFA intake with bone health are intricate [5,31-33] and may be further affected
by nutrient-nutrient interactions, as well as by the ratio of n-6 to n-3 fatty acid intake.
Given that the major dietary sources of n-3 PUFAs are foods of marine origin, different
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studies have examined the associations between their consumption and BMD. In 2011,
Farina et al. [19] observed that the protective effects on BMD at the femoral neck level
associated with a high intake of AA could depend on the intake levels of EPA + DHA,
concluding that fish consumption can protect against bone loss and that these protective
effects could also depend on a fine relationship between the levels of different fatty acids.
The findings regarding fish consumption and bone health were further supported by QUS
in premenopausal Spanish women [34]. In a further continuation of the original work by
Farina et al. in 2012 [5], these authors analyzed relationships between plasma levels of
certain fatty acids and BMD as well as risk of fracture. That study is believed to be the first
work to address the association between plasma fatty acids and BMD determined by DXA.
Their results suggested protective effects of plasma AA on femoral neck BMD in men, as
well as protective effects of plasma AA against hip fracture risk in both women and men.
Additionally, their results showed possible detrimental effects of plasma LA on BMD or hip
fracture risk while identifying BMI as a possible confounding factor to be taken into account
in these analyses. Their study suggested a possible more subtle effect of plasma DHA on
BMD in older women and men. Overall, these results initially reported by the Farina et al.
group have been confirmed by ours, suggesting that plasma levels of 1-3 PUFAs appear to
be associated with increased BMD at both the lumbar and hip levels, and DHA appears to
correlate positively with BMD after adjustment for BMI and other potential confounders
in our sample of postmenopausal women. Additional studies focusing on the analysis of
osteoporotic fracture risk have also confirmed that higher plasma PUFA concentrations in
old age are associated with a lower risk of osteoporotic fracture in men, but these findings
were not replicated in women, as they did not reach statistical significance [35]. In men,
plasma n-3 fatty acids and specifically plasma EPA seem to be relevant among PUFAs,
while 7-6 fatty acids in women may be associated with an increased risk of fracture.

However, focusing again on the nutritional aspect, it is true that not all studies have
observed positive associations between PUFA intake and bone health. A long-term follow-
up (two years) of patients with osteoarthritis of the knee supplemented with omega-3
fish oil did not demonstrate any efficacy of omega-3 fatty acids on bone loss in n = 202
Australian men and women aged > 40 [36]. The findings in postmenopausal women
enrolled in the Women'’s Health Initiative are also remarkable [17]. Focusing on fracture
risk, that study found that a higher dietary intake of SFAs was associated with a higher risk
of hip fracture in postmenopausal women, while a higher intake of PUFAs and MUFAs was
associated with a lower fracture risk. The authors reported no associations between total n-3
PUFA or ALA intake and fracture risk, but, strikingly, there was a slight increase in fracture
risk associated with higher EPA + DHA intake. Regardingn-6 PUFAs, postmenopausal
women with higher n-6 PUFA intake had a lower fracture risk. Although we did not
determine the risk of fracture in our study, our results do seem to indicate that no negative
effect of SFAs can be assumed, having detected only a small negative association between a
higher plasma MUFA level and bone morphometry. These results, due to their preliminary
nature, require additional studies to confirm that the association is not spurious. Neither
have we observed negative or positive effects associated with a higher plasma level of n-6
PUFAs. Even the n-6/n-3 ratio, which is presumed to be more likely than individual classes
of PUFAs to affect skeletal health [1,37,38], was not observed to have an effect in this study,
although the Women’s Health Initiative observed that a higher ratio (>6.43) (the ratio in
our sample was 8.28 (5.85)) offered discrete protection against fractures.

Subsequent results obtained by measuring n-3 fatty acids in red blood cells in a sample
from the Women’s Health Initiative [39] suggested that more n-3 fatty acids in red blood
cells (particularly ALA or EPA but not DHA) might be predictive of a lower risk of hip
fracture. However, in this study, associations were not observed at baseline or after a 6-year
follow-up. There was no relationship between red blood cell n-3 or n-6 fatty acids and
BMD. The authors adjusted their analyses for potential confounders (alcohol consumption,
total energy intake, total calcium intake, total vitamin D intake, and multivitamin use) and
no changes were observed at longitudinal follow-up that would suggest an association
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between hip BMD and total n-3 or n-6 fatty acids in red blood cells. Similar results were
observed when exploring the role of the n-6/n-3 ratio and the percentage change in BMD at
longitudinal follow-up. By measuring #-3 FAs in red blood cells in Korean postmenopausal
women [40], EPA, DHA, and total n-3 FAs were found to correlate with increased BMD
of the femoral neck after adjusting for relevant confounders (age, years after menopause
and height), whereas a higher n-6/1-3 FA ratio was correlated with decreased femoral neck
BMD. Among young men, using an experimental approach similar to ours [3], it was also
observed that concentrations of n-3 fatty acids, especially DHA, were positively associated
with peak BMD in the whole body and spine and with bone accrual in the lumbar spine.

Regarding plasma fatty acids other than -3 or n-6 PUFAs, in this study, statistically sig-
nificant differences were observed according to the diagnosis of osteopenia/osteoporosis
in C16:0 (palmitic acid), C24:0 (lignoceric acid) and C18:1 cis (n9) (oleic acid) after ad-
justment for potential confounding factors. For the first two, the level was significantly
lower in women with osteopenia, while C18:1 cis (n9) (oleic acid) was more abundant
in these women than in women with normal bone health according to the WHO os-
teopenia/osteoporosis criteria. There are previous results from a nutritional perspective
indicating that the role of fatty acids in women’s bone health could be limited to the situa-
tion of osteopenia, with their role becoming secondary once osteoporosis is established [20].
In any case, our results are contrary to those recently published in which palmitic acid
levels were associated with increased odds of low BMD in Chinese adult women, but
our findings will require in-depth analysis in future studies, given that other types of
associations were not observed in our study and therefore could represent some type of
spurious association [41].

Evidence from in vivo studies on the role of different dietary sources of n-3 PUFAs on
skeletal development and bone quality has shown that dietary n-3 PUFAs contribute to
improved mechanical and morphometric properties of bone, and bone quality [42] with
possible protective mechanisms against bone loss during ageing, associated with inhibition
of inflammation associated with bone resorption mediated by NF-«f3, p38MAPK or JNK
leading to the regulation of pro-inflammatory cytokine release [43]. However, the current
evidence from human studies is limited at best. Thus, n-3 PUFA fatty acids could maintain
bone density in postmenopausal women, but the mechanism is not known. Different
mechanisms have been proposed. Essential fatty acids, by regulating eicosanoids, leptin
and IGF-1, are linked to the regulation of both growth and bone status [44,45]. Other
possible underlying determinants have also been suggested as potential meditators of
the relationship between plasma fatty acids and BMD. They involve the regulation of
lipid mediators, inflammation, or oxidative stress [21,46-48], a critical determinant of the
decrease in bone strength and mass [49]. As some fatty acids have been found to be related
to the potential to modulate the levels of both inflammatory cytokines (such IL-6, IL-1beta,
and TNF-alpha) and eicosanoids [50-52], it has been hypothesized that they might lower the
generation of free radicals and oxidative stress and somehow diminish the age-related loss
of bone mass [49]. Among the possible molecular mechanisms that could be regulated by
certain fatty acids, one of the most active fields of research concerns mechanisms linked to
the regulation of prostaglandin E2 biosynthesis [53,54], which modulates osteoclastogenesis
to accelerate bone resorption through activation of the nuclear factor kappa-B pathway [55]
and through regulation of the synthesis of osteoprotegerin [12,13,56].

A strength of our study is that it includes the measurement of plasma fatty acids, which
provides an unbiased measure of exposure and is more accurate than the information ob-
tained from dietary surveys. We recognize that the main limitations are the cross-sectional
design of the study, which prevents us from establishing cause-effect relationships, and the
use of convenience sampling, which could lead to biases derived from the composition of
the sample and also prevents the generalization of our results. Furthermore, plasma fatty
acids were measured at a single time point, whereas it would be more accurate to perform
a follow-up over time to establish previous exposure; nevertheless, it appears that plasma
n-3 PUFA levels remain fairly consistent over time [57]. Another important limitation is
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the lack of analysis of plasma levels of C22:51-6 which is a clear indicator of omega 3 fatty
acid deficiency [58]. Finally, as the entire population in this study was Caucasian, this
demographic restriction may affect the generalizability of the results of our study.

5. Conclusions

In this single-center sample of postmenopausal Spanish women, we reported a signifi-
cant positive and statistically independent association between BMD and plasma levels
of n-3 PUFAs that highlights the physiological and biochemical relevance of plasma total
omega 3 fatty acids. Longitudinal observational or randomized controlled studies are
needed to further investigate any effect of #n-3 PUFAs on bone health.
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