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Abstract:



The role of dietary fat unsaturation and the supplementation of coenzyme Q have been evaluated in relation to bone health. Male Wistar rats were maintained for 6 or 24 months on two diets varying in the fat source, namely virgin olive oil, rich in monounsaturated fatty acids, or sunflower oil, rich in n-6 polyunsaturated fatty acids. Both dietary fats were supplemented or not with coenzyme Q10 (CoQ10). Bone mineral density (BMD) was evaluated in the femur. Serum levels of osteocalcin, osteopontin, receptor activator of nuclear factor κB ligand (RANKL), osteoprotegerin (OPG), adrenocorticotropin (ACTH) and parathyroid hormone (PTH), as well as urinary F2-isoprostanes were measured. Aged animals fed on virgin olive oil showed higher BMD than those fed on sunflower oil. In addition, CoQ10 prevented the age-related decline in BMD in animals fed on sunflower oil. Urinary F2-isoprostanes analysis showed that sunflower oil led to the highest oxidative status in old animals, which was avoided by supplementation with CoQ10. In conclusion, lifelong feeding on virgin olive oil or the supplementation of sunflower oil on CoQ10 prevented, at least in part mediated by a low oxidative stress status, the age-related decrease in BMD found in sunflower oil fed animals.
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1. Introduction


In humans, regardless of gender, aging leads to a progressive decline in bone mass, which is associated with other factors affecting bone architecture and organization [1,2,3]. These changes would explain the increased prevalence of osteoporosis in the aged population [4]. Osteoporosis has been defined as “a skeletal disorder characterized by compromised bone strength and predisposing to an increased risk of fracture” [5]. Bone fractures are responsible for a significant mortality and morbidity particularly notably in elderly persons [6]. The tremendous economic and healthcare burdens caused by osteoporotic fractures [7] makes it imperative to promote effective prevention and treatment strategies to counterbalance them [8]. Prevention must be focused not only in the female population, but also in men, where this pathology is also very important [9,10]. Nutritional factors play a role in skeletal health during aging. In that sense, the importance of calcium, vitamin D or protein intake is clearly due to the role of these nutrients in supporting bone matrix production and mineralization. In addition, recent evidence suggests that other dietary factors may influence bone homeostasis and may be important for long-term bone health [8]. However, other dietary components might be considered from the point of view of osteoporosis, like those endorsed with antioxidant and/or anti-inflammatory properties [11,12]. According to that, dietary fat might have a relevant role in bone aging. In fact, observational studies have offered some interesting associations between dietary fat intake and osteoporosis. Overall, high-fat diets, particularly those rich in saturated fats, have been associated with a lower bone mineral density (BMD) and a higher osteoporosis degree [13,14]. On the other hand, there is evidence for a positive effect of polyunsaturated fatty acids (PUFA) [15,16,17,18] and monounsaturated fatty acids (MUFA) on bone health [17,18,19]. However, results concerning the effect of these unsaturated fatty acids have been in some term contradictory [20,21,22,23].



Most of the research on dietary fat and bone health performed to date do not cover the full picture. First, research on the combined role of aging and dietary fat on bone health in males is scarce. Second, most of interventions have been performed on postmenopausal (i.e., ovarectomized) rodent models or directly on postmenopausal women. However, other causes of bone loss can be overimposed to the effects of sex steroid deficiency contributing to fracture risk. In that sense, an age-dependent decline of bone mass and strength in sex steroid-sufficient female or male mice has been also reported [24]. Third, regarding animal studies, most of them have been performed on very young individuals that have not reached skeletal maturity and consequently they did not reflect a good model of senile osteoporosis [7]. Fourth, from a nutritional standpoint, many interventions based on the fat component of the diet consisted in the supplementation with some types of fatty acids for relative short periods [16,17,25]. Most of them evaluated the effects of fatty acids on disease progression or recovery, particularly those performed in postmenopausal women. However, there are few data about the effect of dietary fat as a life-long preventive agent on bone features. Experimental studies considering fat in the whole dietary context are also scarce.



MUFA and n-6 PUFA have previously reported opposite consequences in different tissues during aging [26,27]. According to that, in the present study, long-lived male rats were used as an experimental model of aging to evaluate the role of different dietary unsaturated fats on bone aging and health. To do this, animals were fed life-long on purified, semisynthetic, normocaloric and normolipidic diets based on two different fat sources (virgin olive or sunflower oils) rich in unsaturated fatty acids but with clearly different lipid profiles (mainly rich in MUFA or n-6 PUFA, respectively). Moreover, in the past, it has been showed that coenzyme Q10 (CoQ10) supplementation was able to avoid in several tissues the deleterious effects associated with highly pro-oxidant fats, like those rich in n-6 PUFA [28,29,30]. Consequently, the interaction between dietary fat and CoQ10 at the bone level was investigated in the present study by including in the experimental design groups of rats fed on the different dietary fats with our without CoQ10 supplementation.




2. Results


2.1. Animal Weight


At the end of the experiment, rats from the V group (rats fed on virgin olive oil) presented higher, but not significantly different body weight (534.5 ± 51.8 g) than those fed on sunflower oil from the S group (animals fed on sunflower oil (508.3 ± 19.5 g). In the same way, no differences concerning body weight were found between animals fed on virgin olive oil plus CoQ10, i.e., the VQ (Virgin olive oil + CoQ10) group (496 ± 20 g) and those fed on sunflower oil plus CoQ10, i.e., the SQ (Sunflower oil + CoQ10) group (499.0 ± 6.6 g). From the observation of body weight evolution and food spillage, no differences concerning food intake were inferred between groups.




2.2. Plasma Fatty Acid Profile and Total Coenzyme Q Content


The sum of plasma MUFA levels (in g/100 g) for animals from the V group at six months of age was 40.6 ± 1.8, significantly higher (p < 0.05) than levels found for animals from the S group (27.9 ± 3.3). Concerning n-6 PUFA for six month old animals, the V group led to 19.8 ± 0.7 g/100 g, significantly lower (p < 0.05) than those found in the S group (32.2 ± 2.7 g/100 g). Such differences were maintained for old animals and irrespective of the CoQ10 supplementation in the diet (data not showed). Concerning plasma CoQ10, animals supplemented on CoQ10 for six months showed significantly higher concentration (p < 0.05) than their non-supplemented counterparts (in terms of µM concentration, values were 39.24 ± 9.25 vs. 14.99 ± 0.78, for VQ vs. V; and 50.71 ± 5.22 vs. 17.03 ± 0.77, for SQ vs. S). Differences were maintained or even increased for old animals (Material not intended for publication: Quiles, J.L. University of Granada, Granada, Spain. Old animals supplemented on CoQ10 showed higher values than the non-supplemented old rats, 2017).




2.3. Bone Mineral Density, Bone Mineral Content (BMC) and Bone Areal Size


Results from BMD, BMC and bone cross-sectional area measurement of the proximal femur are presented in Figure 1. Regarding differences between non-supplemented dietary groups, the V group showed higher values than the S group, although only at 24 months. For supplemented groups, no differences between different groups were showed at any age. At 24 months of age, BMD was lower in animals fed on sunflower oil compared with those receiving similar diets supplemented with CoQ10. Concerning the aging effect, BMD was lower in old animals fed non-supplemented sunflower oil with respect to their younger counterparts. However, in animals receiving CoQ10, no significant age-related differences were observed. In turn, for BMC, only statistically significant differences were found between age groups for supplemented animals, with older animals showing the highest values. Lastly, no statistically significant differences were found for bone cross-sectional areas.


Figure 1. Effects of dietary fat and CoQ10 on bone mineral density (BMD), bone mineral content (BMC) and bone cross-sectional area in 6- and 24-month-old rats. Results are expressed as mean ± standard error of mean of six animals. Abbreviations: V, virgin olive oil; VQ, virgin olive oil + CoQ10; S, sunflower oil; SQ, sunflower oil + CoQ10. * Statistically significant differences (p < 0.05).



[image: Ijms 18 01397 g001]







2.4. Urinary F2-Isoprostanes


Urinary F2-isoprostanes levels are showed in Figure 2. Concerning diet effect, for 6-month-old animals fed on non-supplemented oils, the lowest values were found for virgin olive oil fed animals at both ages. In relation to animals fed on the CoQ10-supplemented diets, no differences were found between dietary groups at any age. All aged animals led to significantly higher levels than their younger counterpart.


Figure 2. Effects of dietary fat and CoQ10 on F2-isoprostanes urinary levels in 6- and 24-month-old rats. Results are expressed as mean ± standard error of mean of six animals. Abbreviations: V, virgin olive oil; VQ, virgin olive oil + CoQ10; S, sunflower oil; SQ, sunflower oil + CoQ10. * Statistically significant differences (p < 0.05).
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2.5. Circulating Levels of Ostecalcin and Osteopontin


Osteocalcin levels (Figure 3) were lower in rats from the S group than in those fed from the V group at six but not at 24 months of age. There were no differences between groups maintained on CoQ10-rich diets at any age. Likewise, no significant differences were found between these groups and those fed on the same diets with CoQ10 at any age. In relation to age, it was noted that older animals presented the lowest values in all dietary groups except VQ. Regarding osteopontin (Figure 3), no significant differences were found among dietary groups at any age. Concerning differences between age groups, lower levels for this marker were found in young animals fed on virgin olive oil with respect to their older counterparts.


Figure 3. Effects of dietary fat and CoQ10 on circulating levels of osteocalcin and osteopontin in 6- and 24-month-old rats. Results are expressed as mean ± standard error of mean of six animals. Abbreviations: V, virgin olive oil; VQ, virgin olive oil + CoQ10; S, sunflower oil; SQ, sunflower oil + CoQ10. * Statistically significant differences (p < 0.05).
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Results from osteoprotegerin (OPG), receptor activator of nuclear factor κB ligand (RANKL) levels and RANKL/OPG ratio are presented in Figure 4. OPG levels were higher in older animals, whereas RANKL levels were lower. Exceptions were found in the S group for OPG and SQ for RANKL, where no differences associated with age were found. Regarding differences between dietary groups, lower OPG levels were found in the V group compared to the S group at six months of age. Similar differences were found for RANKL between supplemented animals at 24 months. Comparisons between supplemented and non-supplemented animals revealed lower levels of both markers at six months of age. Concerning the RANKL/OPG ratio, differences in relation to dietary groups or CoQ10 treatments were found only among old animals receiving non-supplemented diets, with the V group presenting a lower value than the S group. Regarding age effect, lower values were found for older animals in all groups.


Figure 4. Effects of dietary fat and supplementation with coenzyme Q10 (CoQ10) on serum levels of osteoprotegerin (OPG), receptor activator of the nuclear factor κB ligand (RANKL), and RANKL/OPG ratio in 6- and 24-month-old rats. Abbreviations: V, virgin olive oil; VQ, virgin olive oil + CoQ10; S, sunflower oil; SQ, sunflower oil + CoQ10. * Statistically significant differences (p < 0.05).
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2.6. Circulating Levels of Parathyroid Hormone (PTH) and Adrenocorticotropin (ACTH)


Figure 5 shows the results in relation to circulating level of analyzed hormones. Statistical analysis showed no significant differences between dietary groups in relation to ACTH and PTH serum levels at any age. Regarding age, a higher PTH level in old animals from the S group was found when compared with their younger counterparts.


Figure 5. Effects of dietary fat and CoQ10 on parathyroid hormone (PTH) and adrenocorticotropin (ACTH) circulating levels in 6- and 24-month-old rats. Results are expressed as mean ± standard error of mean of six animals. Abbreviations: V, virgin olive oil; VQ, virgin olive oil + CoQ10; S, sunflower oil; SQ, sunflower oil + CoQ10. * Statistically significant differences (p < 0.05).
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3. Discussion


Aging is associated with bone loss and subsequent derived fractures [2,3]. From a preventive point of view, an adequate nutrition during life could result in reduction of such risk. Despite early interest being focused on calcium and vitamin D, there is no evidence that other dietary components such as lipids or antioxidants could also have implications on bone health. In the present study, rats were fed their entire lives on different dietary fats varying in their lipid profile, virgin olive oil (rich in MUFA), or sunflower oil (rich in n-6 PUFA). Both dietary fat types were administered with or without CoQ10 supplementation and BMD was evaluated at different ages. Firstly, verifying a proper adaptation to the diets is required to attribute any effect of these nutritional treatments on BMD. This was confirmed by the plasma fatty acid profiles and CoQ10 contents found in the animals of the present study. BMD is a major parameter determining bone strength, which is used for the diagnosis of osteoporosis and that is expected to decrease during aging [2,3]. Observational studies in the old segment of the population have indicated a positive association between PUFA intake and BMD [15,31]. Several studies evaluating n-3/n-6 PUFA ratio, or their respective levels have indicated a positive role for n-3 PUFA over n-6 PUFA [15,20,32]. Concerning studies on MUFA and BMD, information is scarce, but there is at least a study reporting a positive relationship [19]. Regarding animal studies, most have reported positive beneficial effects for n-3 PUFA [16,17], although there are some contradictory results [21]. In the present research, BMD analysis reported lower values for old animals fed on sunflower oil when compared with those fed on virgin olive oil despite no differences were observed in BMC. Thus, this would indicate that the use of virgin olive oil in a long-term dietary pattern would prevent BMD depletion associated with age in male subjects. These results agree with previous studies in ovariectomized rats reporting the potential of virgin olive oil for the prevention of osteoporosis [25].



For osteoporosis diagnosis in humans, individual BMD values are usually expressed in relation to a reference population in terms of standard deviation units to reduce calibration differences between instruments. Usually, these units are commonly used in relation to the young healthy population, referring experimental measures to the so-called T-score. In the present study, young animals belonging to the S group might be used as a reference to determine T-score. According to that, old animals receiving non-supplemented sunflower oil would be in the low bone mass category (osteopenia) according to the World Health Organization (WHO) proposal modified by the International Osteoporosis Foundation for men and women [33]. Following this approach, BMD values found for the V group at 24 and 6 months of age would belong to the normal category. Clinical significance of these categories lies in the fracture risk that arises and a strong gradient of risk has been reported for hip fracture and BMD determined by the dual energy X-ray absorptiometry (DXA), particularly at the proximal femur. Thus, it has a 2.6-fold increase in fracture risk has been described for each SD decrease in BMD [33]. Therefore, having a diet based on virgin olive oil as the main fat source, instead of sunflower oil, might be a good long-term strategy to prevent bone fractures and their derived problems. Virgin olive oil’s beneficial effect on bone health has been also suggested in humans, but only in a study performed in a group of subjects aged 30–50 years who had undergone hysterectomy. In that study, olive oil supplements prevented BMD losses in some lumbar vertebrae and femur [25], although control group did not receive any placebo. As it has been described in most of the previous interventions, known harmful factors for BMD (as inflammation or sex steroid deficiency) were experimentally induced or were present, which often are associated with aging, but they did not evaluate aging per se. In turn, our model reinforces some advantages of MUFA and supports the negative role of n-6 PUFA in BMD maintenance with aging, regardless of risk factor presence. In addition, the nutritional intervention performed in the present study involved the modification of all dietary fat content and not only a partial modification, a factor that also may help to explain some discrepancies found between supplementation studies.



Concerning the role of CoQ10, when the diets based on sunflower oil were supplemented with this molecule, the deleterious effect of aging on BMD was prevented. Interestingly, results suggest that dietary CoQ promoted an increase in BMC with age. Because BMD is the ratio of BMC to bone areal size, this contradiction between BMD and BMC values could be explained by changes in bone size, but neither significative change was found in this parameter. A preventive effect of CoQ on BMD loss has been also suggested by one study in rats where a short-term treatment with CoQ10 prevented spinal cord injury-induced loss of bone and mineral content [34]. Using the T-score criteria, as above, BMD found in SQ and VQ groups at 24 months may be considered normal. Therefore, long-life supplementation with CoQ10 has an interesting potential for the prevention of osteoporosis and the maintenance of bone strength under certain dietary habits, i.e., frequent consumption of n-6 PUFA-rich diets. Human Equivalent Dose (HED) for the dose administrated to these rats would be 0.26 mg/kg per day assuming a weight of 70 kg for an average man. This means that a 70 kg man would need 18.43 mg per day to reach such a value. In most of the interventions in humans, dietary CoQ is provided at very high doses (usually ranging from 100 to 2400 mg/day) for short periods of time for old or ill people [35]. In turn, the results of the present study would indicate that maintaining a lifelong CoQ low-dosage supplementation would have a preventive effect on the deleterious aspects of n-6 PUFA-rich diet consumption with respect to bone health during aging.



Because bone remodeling is also a major determinant of bone strength; serum levels of osteocalcin were measured to assess changes in bone turnover. Osteocalcin decreased with aging to similar levels for all diets, although virgin olive oil was associated with the highest values at six months. In an intervention trial, it has been observed that circulating osteocalcin was increased in men following a Mediterranean diet rich in virgin olive oil. Moreover, virgin olive oil consumption was positively associated with total osteocalcin at baseline and follow-up before and after adjusting for the use of statins. Osteocalcin is an extracellular matrix protein that is released into blood during both new matrix formation and existing matrix breakdown [36]. Thus, its serum levels can be indicative of bone turnover rate. According to this, it might be possible that MUFA promote a higher bone turnover rate in early life and/or the maintenance of this for a longer time, improving bone structure maintenance through life. Bone resorption rate has also been positively related to inflammation. Osteopontin plasma levels can offer an idea about the influence of a proinflammatory state or inflammatory disorders on bone health [37,38]. In the present study, higher osteopontin levels associated with age were found in rats from the V group. This could indicate that aged animals fed on virgin olive oil had a higher rate of bone resorption because of inflammatory processes. Alternatively, these results might mean that that young animals from this group had a lower resorption rate, since there were no significant differences with the other dietary groups at any age. Nevertheless, it would be necessary for a more specific marker to confirm the link between osteopontin and bone resorption. On the other hand, CoQ supplementation had no relevant effects on any of these markers.



As it is well known, several hormones can influence bone metabolism, and differences associated with age have been described for most of these hormones. According to that, PTH and ACTH were evaluated. For PTH, results showed higher values for aged rats fed on sunflower oil. This hormone has shown to exert a dual role in bone mass. On one hand, it is known that this hormone is released when calcium levels in blood are low to induce bone resorption process and to mobilize bone calcium into blood, so high levels of PTH were associated with higher bone resorption rate. On the other hand, it has been reported that moderate levels during short periods could even increase bone mass in spite of the punctual increases in resorption rate [39]. Here, it seems that the high levels of PTH in old animals fed on sunflower oil, probably maintained for a long period, can be related to a higher bone loss in these animals. Concerning ACTH, serum levels were similar for all studied groups, so no conclusion can be inferred from the study of this marker.



Progressive loss of bone strength and mass has been shown to be temporally associated with decreased osteoblast and osteoclast numbers and decreased bone formation rate in sex steroid-sufficient female or male mice, as well as with increased osteoblast and osteocyte apoptosis [40]. Here, the serum levels of two antagonist proteins involved in the key osteoclastogenesis regulatory step, RANKL and OPG, were also evaluated. RANKL is a membrane protein presented by osteoblasts and other bone cells, which binds to the RANK [41]. OPG is a soluble decoy receptor for RANKL that competitively antagonizes RANKL–RANK interaction, inhibiting osteoclastogenesis [41]. Results suggest that RANKL decreases with aging, whereas OPG increases in the S group regardless of CoQ presence in the diet. In turn, OPG levels would remain constant during aging in the S group despite the fact that RANKL would exhibit the same behavior as in the previous groups. It has been suggested that an age-associated increase in OPG could be important to protect bone from excessive resorption during aging [26,28]. Thus, it could be feasible that absence of variations in S group would lead to higher bone resorption in this group. However, it is important to take into account that these animals showed the highest levels of OPG at six months of age compared with the other dietary groups. Interestingly, dietary CoQ10 in addition to sunflower oil led to lower levels of RANKL in young rats, but this factor has a similar effect in the same sense over OPG levels. In addition, no effects were found in old animals. To go deeper into this issue, RANKL/OPG ratio was also evaluated. Results suggest that the serum RANKL/OPG ratio decreases with aging in all groups, as it has been previously reported [42]. Moreover, virgin olive oil led to higher levels in aged subjects than sunflower oil, whereas this difference was absent under CoQ10 supplementation. However, there is not any statistically significant effect of CoQ10 on RANKL/OPG ratio for dietary groups in this study.



The effect of both dietary fat and CoQ10 might be related to reactive oxygen species (ROS) roles on bone resorption. Several pieces of evidence link oxidative stress to BMD decrease in humans [43,44]. In addition, its association with age-dependent decline of bone mass and strength in sex steroid-sufficient female or male mice has been also reported [24]. Oxidative stress has shown to damage osteoblasts and to suppress their differentiation [45]. Moreover, ROS serves as signaling molecules in osteoclasts, enhancing their differentiation [46]. This is particularly interesting since NF-κB is an oxidative stress-responsive transcription factor and may be activated by free radicals, so intracellular levels of ROS would act as “secondary messengers” in osteoclast or osteoclast progenitor cells [46]. Therefore, the higher oxidative stress levels observed in aged rats, particularly when they have been fed on diets rich in polyunsaturated fat could led to an increase in sensibility to RANKL-stimulation explaining a higher osteoclastogenesis and bone resorption in spite of the age-associates decrease in RANKL levels. In RANKL-stimulated bone marrow-derived monocytes and RAW 264.7 cells, a model of an osteoclast, CoQ10 inhibited osteoclastogenesis [45,46]. Such an effect has been suggested to be a consequence of the ROS scavenging properties of this molecule [47]. In that sense, evidence suggests that CoQ10 strongly suppressed H2O2-induced IκBα, p38 signaling pathways [48]. Results from the present study concerning oxidative stress may support antioxidant properties of CoQ10, at least in part, and, consequently, the positive effects of this molecule on BMD. In fact, not only CoQ10, but also dietary fat affected oxidative stress levels. It has been widely described that dietary fat is able to modulate oxidative stress in rat models of aging, with MUFA leading to a lower oxidative level through aging than n-6 PUFA or n-3 PUFA based diets [26,27]. In addition, we have previously found that when sunflower oil is supplemented on CoQ10, oxidative stress was less prominent during aging [28,29,30,49]. Urinary F2-isoprostanes from the present study showed that aged animals fed on sunflower oil had the highest oxidative stress levels and that supplementation of this fat with CoQ10 prevented this fact, in parallel to the prevention of BMD decrease. Thus, oxidative stress might help to explain changes in BMD in sunflower oil fed animals, as well as the lowest loss in BMD found in virgin olive oil fed animals.



Summarizing, virgin olive oil prevented the age-related decrease in BMD found in sunflower oil fed animals. The reduction of BMD associated with age in animals fed on sunflower oil was prevented by CoQ10 supplementation. Oxidative stress might be in the cause of the lower BMD associated with age in virgin olive oil fed animals and in those fed on sunflower oil supplemented on CoQ10. Notwithstanding this, other aging-affected processes with consequences in bone health need to be further investigated in this type of aging model. Moreover, research must be extended to female individuals despite a more complex experimental design being required.




4. Materials and Methods


4.1. Experimental Design


Forty-eight male Wistar rats (Rattus norvegicus) weighing 80–90 g were housed three per cage and maintained in a 12-h light/12-h darkness cycle, with free access to food and water. The rats were randomly assigned into four experimental groups and fed from weaning until 24 months of age on a semi-synthetic and isoenergetic diet according to the AIN93 criteria [50] composed of (in g/100 g of diet): 14 casein, 46.57 starch, 10 sucrose, 15.5 dextrose, 4 dietary fat, 5 cellulose, 0.25 choline, 0.18 l-cystine, 1.0 vitamin mixture, and 3.5 mineral mixture. The experimental diets differed in two aspects. On one hand, two different dietary fat sources were used, virgin olive oil and sunflower oil, which are rich in MUFA or n-6 PUFA, respectively. On the other hand, an additional supplemented version of each diet was prepared to reach 2.5 mg/kg per day of CoQ10. Thus, four groups were established, virgin olive oil fed animals (V group), sunflower oil fed animals (S group), virgin olive oil plus CoQ10 fed animals (VQ group) and sunflower oil plus CoQ10 fed animals (SQ group). Six rats per group were killed at 6 and 24 months from the start of the experiment. The rats were killed by cervical dislocation followed by decapitation, at the same time of the day, to avoid any circadian fluctuation. Blood was collected in ethylene diamine tetraacetic acid (EDTA)-coated tubes, and plasma was centrifuged at 1750 g for 10 min. Femur bones were isolated from rats, weighted and preserved for further analyses. Urine was collected and stored at −80 °C until analyzed. The animals were treated in accordance with the guidelines of the Spanish Society for Laboratory Animals and the experiment was approved by the Ethical Committee of the University of Granada (permit number 20-CEA-2004, 10 April 2004).




4.2. Determination of Bone Mineral Density


Bone mineral content (BMC) and bone areal size were measured in the proximal half of the isolated femur bones by dual energy X-ray absorptiometry (DXA) using a Hologic QDR-4500 Elite densitometer (Hologic, Inc., Bedford, MA, USA). Then, BMD was calculated as bone mineral content (BMC)/area.




4.3. Urinary F2-Isoprostanes Determination


Total F2-isoprostanes were measured in urine by a competitive enzyme immunoassay (R&D Systems, Minneapolis, MN, USA). Results were normalized to urinary creatinine.




4.4. Determination of Bone Metabolism Markers, RANKL, OPG, and Hormones’ Circulating Levels


Serum levels of osteoprotegerin (OPG), receptor activator of nuclear factor κ-β ligand (RANKL), osteocalcin, osteopontin, parathyroid hormone (PTH) and adenocorticotropin (ACTH) were measured simultaneously using a high sensitivity human cytokine multiplex immunoassay (MilliplexTM MAP, Merck Millipore, Billerica, MA, USA). Assays were run on a Luminex® X-MAP Bio-Plex 200 System Bioanalyzer (Luminex Corp., Austin, TX, USA) according to the kit manufacturer’s instructions. RANKL/OPG ratio was calculated for each subject using the values of RANKL and OPG levels obtained by this method.




4.5. Plasma Fatty Acid Profile


Plasma fatty acid profile in rats was determined following Lepage and Roy´s method according to previously described modifications [51].




4.6. Plasma Coenzyme Q Determination


Plasma CoQ10 levels were assessed by high-performance liquid chromatography (HPLC) combined with electrochemical detection as previously described [52].




4.7. Statistical Analysis


Results are expressed as mean ± standard error of the mean (SEM) for six animals. Normal distribution and variance homogenity were evaluated by Kolmogorov–Smirnov and Levene tests, respectively. Variables showing normal distribution were analyzed for differences between dietary treatments at 6 months and at 24 months by analysis of variance (ANOVA) with a Bonferroni post hoc test. Non-normal variables were analyzed by Kruskal–Wallis and Mann–Whitney U non-parametric tests. Tamhane’s T2 test was applied to variables with non-homogeneous variances. To detect significant differences between age groups, for each dietary treatment, the Student’s t-test was applied. In all analyses, significant differences were established at p < 0.05. Statistical analysis was performed with SPSS 24.0 for Windows (IBM, Chicago, IL, USA).
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	BMD
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	 Osteoprotegerin
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	RANKL
	 Receptor activator of nuclear factor κB ligand



	S
	 Sunflower oil group



	SQ
	 Sunflower oil + CoQ10 group



	V
	 Virgin olive oil group



	VQ
	 Virgin olive oil + CoQ10 group



	WHO
	 World Health Organization







References


	1. 
Sowers, M. Clinical epidemiology and osteoporosis. Measures and their interpretation. Endocrinol. Metab. Clin. 1997, 26, 219–231. [Google Scholar] [CrossRef]

	2. 
Szulc, P.; Seeman, E.; Duboeuf, F.; Sornay-Rendu, E.; Delmas, P.D. Bone fragility: Failure of periosteal apposition to compensate for increased endocortical resorption in postmenopausal women. J. Bone Miner. Res. 2006, 21, 1856–1863. [Google Scholar] [CrossRef] [PubMed]

	3. 
Lauretani, F.; Bandinelli, S.; Griswold, M.E.; Maggio, M.; Semba, R.; Guralnik, J.M.; Ferrucci, L. Longitudinal changes in BMD and bone geometry in a population-based study. J. Bone Miner. Res. 2008, 23, 400–408. [Google Scholar] [CrossRef] [PubMed]

	4. 
Edwards, M.H.; Dennison, E.M.; Aihie Sayer, A.; Fielding, R.; Cooper, C. Osteoporosis and sarcopenia in older age. Bone 2015, 80, 126–130. [Google Scholar] [CrossRef] [PubMed]

	5. 
National Institute of Health. Consensus development panel on osteoporosis prevention, diagnosis, and therapy osteoporosis prevention, diagnosis, and therapy. J. Am. Med. Assoc. 2001, 285, 785–795. [Google Scholar]

	6. 
Willson, T.; Nelson, S.D.; Newbold, J.; Nelson, R.E.; LaFleur, J. The clinical epidemiology of male osteoporosis: A review of the recent literature. Clin. Epidemiol. 2015, 7, 65–76. [Google Scholar] [PubMed]

	7. 
Chin, K.-Y.; Ima-Nirwana, S. Olives and bone: A green osteoporosis prevention option. Int. J. Environ. Res. Public Health 2016, 13, E755. [Google Scholar] [CrossRef] [PubMed]

	8. 
Sacco, S.M.; Horcajada, M.-N.; Offord, E. Phytonutrients for bone health during ageing. Br. J. Clin. Pharmacol. 2013, 75, 697–707. [Google Scholar] [CrossRef] [PubMed]

	9. 
Penrod, J.D.; Litke, A.; Hawkes, W.G.; Magaziner, J.; Doucette, J.T.; Koval, K.J.; Silberzweig, S.B.; Egol, K.A.; Siu, A.L. The association of race, gender, and comorbidity with mortality and function after hip fracture. J. Gerontol. A Biol. Sci. Med. Sci. 2008, 63, 867–872. [Google Scholar] [CrossRef] [PubMed]

	10. 
Endo, Y.; Aharonoff, G.B.; Zuckerman, J.D.; Egol, K.A.; Koval, K.J. Gender differences in patients with hip fracture: A greater risk of morbidity and mortality in men. J. Orthop. Trauma 2005, 19, 29–35. [Google Scholar] [CrossRef] [PubMed]

	11. 
Pasco, J.A.; Henry, M.J.; Wilkinson, L.K.; Nicholson, G.C.; Schneider, H.G.; Kotowicz, M.A. Antioxidant vitamin supplements and markers of bone turnover in a community sample of nonsmoking women. J. Women’s Health 2006, 15, 295–300. [Google Scholar] [CrossRef] [PubMed]

	12. 
Sanders, K.M.; Kotowicz, M.A.; Nicholson, G.C. Potential role of the antioxidant N-acetylcysteine in slowing bone resorption in early post-menopausal women: A pilot study. Transl. Res. J. Lab. Clin. Med. 2007, 150, 215. [Google Scholar] [CrossRef] [PubMed]

	13. 
Corwin, R.L.; Hartman, T.J.; Maczuga, S.A.; Graubard, B.I. Dietary saturated fat intake is inversely associated with bone density in humans: Analysis of NHANES III. J. Nutr. 2006, 136, 159–165. [Google Scholar] [PubMed]

	14. 
Kato, I.; Toniolo, P.; Zeleniuch-Jacquotte, A.; Shore, R.E.; Koenig, K.L.; Akhmedkhanov, A.; Riboli, E. Diet, smoking and anthropometric indices and postmenopausal bone fractures: A prospective study. Int. J. Epidemiol. 2000, 29, 85–92. [Google Scholar] [CrossRef] [PubMed]

	15. 
Järvinen, R.; Tuppurainen, M.; Erkkilä, A.T.; Penttinen, P.; Kärkkäinen, M.; Salovaara, K.; Jurvelin, J.S.; Kröger, H. Associations of dietary polyunsaturated fatty acids with bone mineral density in elderly women. Eur. J. Clin. Nutr. 2012, 66, 496–503. [Google Scholar] [CrossRef] [PubMed]

	16. 
Kruger, M.C.; Claassen, N.; Smuts, C.M.; Potgieter, H.C. Correlation between essential fatty acids and parameters of bone formation and degradation. Asia Pac. J. Clin. Nutr. 1997, 6, 235–238. [Google Scholar] [PubMed]

	17. 
Kruger, M.C.; Schollum, L.M. Is docosahexaenoic acid more effective than eicosapentaenoic acid for increasing calcium bioavailability? Prostaglandins Leukot. Essent. Fatty Acids 2005, 73, 327–334. [Google Scholar] [CrossRef] [PubMed]

	18. 
Macdonald, H.M.; New, S.A.; Golden, M.H.N.; Campbell, M.K.; Reid, D.M. Nutritional associations with bone loss during the menopausal transition: Evidence of a beneficial effect of calcium, alcohol, and fruit and vegetable nutrients and of a detrimental effect of fatty acids. Am. J. Clin. Nutr. 2004, 79, 155–165. [Google Scholar] [PubMed]

	19. 
Trichopoulou, A.; Georgiou, E.; Bassiakos, Y.; Lipworth, L.; Lagiou, P.; Proukakis, C.; Trichopoulos, D. Energy intake and monounsaturated fat in relation to bone mineral density among women and men in Greece. Prev. Med. 1997, 26, 395–400. [Google Scholar] [CrossRef] [PubMed]

	20. 
Harris, M.; Farrell, V.; Houtkooper, L.; Going, S.; Lohman, T. Associations of polyunsaturated fatty acid intake with bone mineral density in postmenopausal women. J. Osteoporos. 2015, 2015, 737521. [Google Scholar] [CrossRef] [PubMed]

	21. 
Poulsen, R.C.; Kruger, M.C. Detrimental effect of eicosapentaenoic acid supplementation on bone following ovariectomy in rats. Prostaglandins Leukot. Essent. Fatty Acids 2006, 75, 419–427. [Google Scholar] [CrossRef] [PubMed]

	22. 
Muraki, S.; Yamamoto, S.; Ishibashi, H.; Oka, H.; Yoshimura, N.; Kawaguchi, H.; Nakamura, K. Diet and lifestyle associated with increased bone mineral density: Cross-sectional study of Japanese elderly women at an osteoporosis outpatient clinic. J. Orthop. Sci. 2007, 12, 317–320. [Google Scholar] [CrossRef] [PubMed]

	23. 
Virtanen, J.K.; Mozaffarian, D.; Cauley, J.A.; Mukamal, K.J.; Robbins, J.; Siscovick, D.S. Fish consumption, bone mineral density, and risk of hip fracture among older adults: The cardiovascular health study. J. Bone Miner. Res. 2010, 25, 1972–1979. [Google Scholar] [CrossRef] [PubMed]

	24. 
Almeida, M.; Han, L.; Martin-Millan, M.; Plotkin, L.I.; Stewart, S.A.; Roberson, P.K.; Kousteni, S.; O’Brien, C.A.; Bellido, T.; Parfitt, A.M.; et al. Skeletal involution by age-associated oxidative stress and its acceleration by loss of sex steroids. J. Biol. Chem. 2007, 282, 27285–27297. [Google Scholar] [CrossRef] [PubMed]

	25. 
Liu, H.; Huang, H.; Li, B.; Wu, D.; Wang, F.; Zheng, X.H.; Chen, Q.; Wu, B.; Fan, X. Olive oil in the prevention and treatment of osteoporosis after artificial menopause. Clin. Interv. Aging 2014, 9, 2087–2095. [Google Scholar] [CrossRef] [PubMed]

	26. 
Bullon, P.; Battino, M.; Varela-Lopez, A.; Perez-Lopez, P.; Granados-Principal, S.; Ramirez-Tortosa, M.C.; Ochoa, J.J.; Cordero, M.D.; Gonzalez-Alonso, A.; Ramirez-Tortosa, C.L.; et al. Diets based on virgin olive oil or fish oil but not on sunflower oil prevent age-related alveolar bone resorption by mitochondrial-related mechanisms. PLoS ONE 2013, 8, e74234. [Google Scholar] [CrossRef] [PubMed]

	27. 
Quiles, J.L.; Ochoa, J.J.; Ramirez-Tortosa, C.; Battino, M.; Huertas, J.R.; Martín, Y.; Mataix, J. Dietary fat type (virgin olive vs. sunflower oils) affects age-related changes in DNA double-strand-breaks, antioxidant capacity and blood lipids in rats. Exp. Gerontol. 2004, 39, 1189–1198. [Google Scholar] [CrossRef] [PubMed]

	28. 
Varela-Lopez, A.; Bullon, P.; Battino, M.; Ramirez-Tortosa, M.C.; Ochoa, J.J.; Cordero, M.D.; Ramirez-Tortosa, C.L.; Rubini, C.; Zizzi, A.; Quiles, J.L. Coenzyme Q protects against age-related alveolar bone loss associated to n-6 polyunsaturated fatty acid rich-diets by modulating mitochondrial mechanisms. J. Gerontol. Ser. A 2016, 71, 593–600. [Google Scholar] [CrossRef] [PubMed]

	29. 
Ochoa, J.J.; Quiles, J.L.; López-Frías, M.; Huertas, J.R.; Mataix, J. Effect of lifelong coenzyme Q10 supplementation on age-related oxidative stress and mitochondrial function in liver and skeletal muscle of rats fed on a polyunsaturated fatty acid (PUFA)-rich diet. J. Gerontol. Ser. A 2007, 62, 1211–1218. [Google Scholar] [CrossRef]

	30. 
Quiles, J.L.; Pamplona, R.; Ramirez-Tortosa, M.C.; Naudí, A.; Portero-Otin, M.; Araujo-Nepomuceno, E.; López-Frías, M.; Battino, M.; Ochoa, J.J. Coenzyme Q addition to an n-6 PUFA-rich diet resembles benefits on age-related mitochondrial DNA deletion and oxidative stress of a MUFA-rich diet in rat heart. Mech. Ageing Dev. 2010, 131, 38–47. [Google Scholar] [CrossRef] [PubMed]

	31. 
Farina, E.K.; Kiel, D.P.; Roubenoff, R.; Schaefer, E.J.; Cupples, L.A.; Tucker, K.L. Protective effects of fish intake and interactive effects of long-chain polyunsaturated fatty acid intakes on hip bone mineral density in older adults: The framingham osteoporosis study. Am. J. Clin. Nutr. 2011, 93, 1142–1151. [Google Scholar] [CrossRef] [PubMed]

	32. 
Weiss, L.A.; Barrett-Connor, E.; von Mühlen, D. Ratio of n-6 to n-3 fatty acids and bone mineral density in older adults: The rancho bernardo study. Am. J. Clin. Nutr. 2005, 81, 934–938. [Google Scholar] [PubMed]

	33. 
Kanis, J.A.; Reginster, J.-Y. European guidance for the diagnosis and management of osteoporosis in postmenopausal women—What is the current message for clinical practice? Pol. Arch. Med. Wewn. 2008, 118, 538–540. [Google Scholar] [PubMed]

	34. 
Zhang, X.-X.; Qian, K.-J.; Zhang, Y.; Wang, Z.-J.; Yu, Y.-B.; Liu, X.-J.; Cao, X.-T.; Liao, Y.-H.; Zhang, D.-Y. Efficacy of coenzyme Q10 in mitigating spinal cord injury-induced osteoporosis. Mol. Med. Rep. 2015, 12, 3909–3915. [Google Scholar] [CrossRef] [PubMed]

	35. 
Varela-López, A.; Giampieri, F.; Battino, M.; Quiles, J.L. Coenzyme Q and its role in the dietary therapy against aging. Molecules 2016, 21, 373. [Google Scholar] [CrossRef] [PubMed]

	36. 
Das, U.N. Essential fatty acids and osteoporosis. Nutrition 2000, 16, 386–390. [Google Scholar] [CrossRef]

	37. 
Iwadate, H.; Kobayashi, H.; Kanno, T.; Asano, T.; Saito, R.; Sato, S.; Suzuki, E.; Watanabe, H.; Ohira, H. Plasma osteopontin is correlated with bone resorption markers in rheumatoid arthritis patients. Int. J. Rheum Dis. 2014, 17, 50–56. [Google Scholar] [CrossRef] [PubMed]

	38. 
Gravallese, E.M. Osteopontin: A bridge between bone and the immune system. J. Clin. Investig. 2003, 112, 147–149. [Google Scholar] [CrossRef] [PubMed]

	39. 
Chen, A.B.; Minami, K.; Raposo, J.F.; Matsuura, N.; Koizumi, M.; Yokota, H.; Ferreira, H.G. Transient modulation of calcium and parathyroid hormone stimulates bone formation. Endocrine 2016, 54, 232–240. [Google Scholar] [CrossRef] [PubMed]

	40. 
Nakagawa, N.; Kinosaki, M.; Yamaguchi, K.; Shima, N.; Yasuda, H.; Yano, K.; Morinaga, T.; Higashio, K. RANK is the essential signaling receptor for osteoclast differentiation factor in osteoclastogenesis. Biochem. Biophys. Res. Commun. 1998, 253, 395–400. [Google Scholar] [CrossRef] [PubMed]

	41. 
Yasuda, H.; Shima, N.; Nakagawa, N.; Yamaguchi, K.; Kinosaki, M.; Goto, M.; Mochizuki, S.I.; Tsuda, E.; Morinaga, T.; Udagawa, N.; et al. A novel molecular mechanism modulating osteoclast differentiation and function. Bone 1999, 25, 109–113. [Google Scholar] [CrossRef]

	42. 
Liu, J.M.; Zhao, H.Y.; Ning, G.; Zhao, Y.J.; Chen, Y.; Zhang, Z.; Sun, L.H.; Xu, M.-Y.; Chen, J.L. Relationships between the changes of serum levels of OPG and RANKL with age, menopause, bone biochemical markers and bone mineral density in Chinese women aged 20–75. Calcif. Tissue Int. 2005, 76, 1–6. [Google Scholar] [CrossRef] [PubMed]

	43. 
Altindag, O.; Erel, O.; Soran, N.; Celik, H.; Selek, S. Total oxidative/anti-oxidative status and relation to bone mineral density in osteoporosis. Rheumatol. Int. 2008, 28, 317–321. [Google Scholar] [CrossRef] [PubMed]

	44. 
Sharma, T.; Islam, N.; Ahmad, J.; Akhtar, N.; Beg, M. Correlation between bone mineral density and oxidative stress in postmenopausal women. Indian J. Endocrinol. Metab. 2015, 19, 491–497. [Google Scholar] [PubMed]

	45. 
Fatokun, A.A.; Stone, T.W.; Smith, R.A. Responses of differentiated MC3T3-E1 osteoblast-like cells to reactive oxygen species. Eur. J. Pharmacol. 2008, 587, 35–41. [Google Scholar] [CrossRef] [PubMed]

	46. 
Ha, H.; Kwak, H.B.; Lee, S.W.; Jin, H.M.; Kim, H.-M.; Kim, H.-H.; Lee, Z.H. Reactive oxygen species mediate RANK signaling in osteoclasts. Exp. Cell Res. 2004, 301, 119–127. [Google Scholar] [CrossRef] [PubMed]

	47. 
Moon, H.-J.; Ko, W.-K.; Han, S.W.; Kim, D.-S.; Hwang, Y.-S.; Park, H.-K.; Kwon, I.K. Antioxidants, like coenzyme Q10, selenite, and curcumin, inhibited osteoclast differentiation by suppressing reactive oxygen species generation. Biochem. Biophys. Res. Commun. 2012, 418, 247–253. [Google Scholar] [CrossRef] [PubMed]

	48. 
Moon, H.-J.; Ko, W.-K.; Jung, M.-S.; Kim, J.H.; Lee, W.-J.; Park, K.-S.; Heo, J.-K.; Bang, J.B.; Kwon, I.K. Coenzyme Q10 regulates osteoclast and osteoblast differentiation. J. Food Sci. 2013, 78, H785–H891. [Google Scholar] [CrossRef] [PubMed]

	49. 
Bello, R.I.; Gómez-Díaz, C.; Burón, M.I.; Alcaín, F.J.; Navas, P.; Villalba, J.M. Enhanced anti-oxidant protection of liver membranes in long-lived rats fed on a coenzyme Q10-supplemented diet. Exp. Gerontol. 2005, 40, 694–706. [Google Scholar] [CrossRef] [PubMed]

	50. 
Reeves, P.G. Components of the AIN-93 diets as improvements in the AIN-76A diet. J. Nutr. 1997, 127, 838S–841S. [Google Scholar] [PubMed]

	51. 
Quiles, J.L.; Huertas, J.R.; Mañas, M.; Ochoa, J.J.; Battino, M.; Mataix, J. Oxidative stress induced by exercise and dietary fat modulates the coenzyme Q and vitamin A balance between plasma and mitochondria. Int. J. Vitam. Nutr. Res. 1999, 69, 243–249. [Google Scholar] [CrossRef] [PubMed]

	52. 
Quiles, J.L.; Ochoa, J.J.; Ramirez-Tortosa, M.C.; Linde, J.; Bompadre, S.; Battino, M.; Narbona, E.; Maldonado, J.; Mataix, J. Coenzyme Q concentration and total antioxidant capacity of human milk at different stages of lactation in mothers of preterm and full-term infants. Free Radic. Res. 2006, 40, 199–206. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
6 months [ _]24 months

i

(8w/Bu) seuessoudos-*4





nav.xhtml


  ijms-18-01397


  
    		
      ijms-18-01397
    


  




  





media/file2.png
BMD (g/cm?)

BMC (g)

Area (cm?)

0.250 -

0.200 -

0.150 -

0.100 -

0.050 -

0.000 -
0.90 -
0.80 -
0.70 +
0.60 -

0.50

0.40 -
0.30 -
0.20 -
0.10 -
0.00 -
4.00 -
3.50 -
3.00 -
2.50 -
2.00 -
1.50 -
1.00 -
0.50 -
0.00 -

6 months [ ]24 months






media/file5.jpg
Osteocalcin (pg/mL)

Osteopontin (pg/mL)

2000

1000
500

[l6 months []24 months

hil

Wil





media/file3.jpg
6 months [_J24 months

(8w/Bu) seuejsoudosi-t4

va





media/file1.jpg
3
g

area (emi)

0250

0200

0150

0100

0050

50
200
250
200
150
100
050
000

-

Bl months [J24months.

g

[

|

[
[

gl_‘__-_qj

va





media/file7.jpg
wpwy S S S S S S





media/file10.png
6 months [ _]24 months

f T T T T T T T T T 1
O O n O w O uny O wn O
W s < M N o N o -

(Tw/3d) H1d

i1

50 -

45 -
40 -
35 -
30 -
25 -
20 -
15 -
10 -
5 <
0 -

(qw/3d) H1OV

5Q

va





media/file9.jpg
[Bll6 months []24 months

S
T S
T —

nwgomg

(1w/8d) Hid

wgugugugwo

RRRRVS

(1w/3d) LoV

va





media/file0.png





media/file8.png
6 months [_]24 months

q{

-

1400 -

1200 -

o
g

S 8
o

(w/2d) DdO

8
<

2

0 -

L

60 -

Q O o
= m (]

(qw/3d) DINVY

50 -

10 -

0.08 -

I
_.D 4
S 9
(-] o

9d0O/INVY

o
Q
o

0.00 -~

vVQ





media/file6.png
45,000
40,000
35,000
30,000
25,000
20,000
15,000
10,000
5000

0

Osteocalcin (pg/mL)

4500
4000
3500
3000
2500
2000
1500
1000

500

Osteopontin (pg/mL)

6 months [ _]24 months






