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Abstract

:

Bioactive lipids play an important role in human health and their benefits are linked to their chemical nature; for example, medium-chain fatty acids can have an important contribution to body weight management. This work aimed to test a strategy to enhance the quality profile and gastrointestinal tract resistance of previously developed vegetable oil-functionalized yogurts and further probe the biological potential of functionalized yogurts. Fortification with coconut and avocado vegetable oils led to increased nutritional value through an increase in essential fatty acids content, particularly in yogurts with vegetable oil bigels. One of the main problems with bioactive fatty acids fortification is their poor stability during in vitro digestion and consequently poor bioavailability. Despite this, the digested samples decreased lipid accumulation in Hep G2 and 3T3-L1 cells Functionalized yogurts were also responsible for high improvements in adiponectin secretion (35% for COY, 46% for CBY, 53% for AOY, and 48% ABY) compared with control yogurt. Moreover, in the inflammatory model, a reduction between 30% (for control yogurt) and 70% (for CBY) was observed for IL-6 secretion in LPS-stimulated cells. Considering these results, yogurt’s fortification with vegetable oils can be a viable alternative strategy to be scaled up for obesity management.
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1. Introduction


Although the primary function of bioactive fatty acids is as an energy source, they also play an important role in human health, namely in cell structure and signalling [1,2]. Moreover, they help maintain homeostasis and prevent metabolic disorders, and some fatty acids are essential as precursors in the production of hormones and vitamins [1,2,3,4]. The more well-established health effects of bioactive fatty acids are related to cardiovascular disease. However, many other effects have been studied including the positive impact on atherosclerosis, cancer, mental health, brain function, diabetes, and obesity [2,4,5,6,7,8,9,10]. This wide range of benefits has increased the interest of the food industry in producing functional foods with bioactive lipids [11,12]. As referred by several authors, milk and dairy products appear as preferred matrices for bioactive lipid fortification. Within the range of dairy products, yogurt has been the most widely used, due to its high consumption and associated benefits [11,13,14]. Avocado (AO) and coconut oils (CO) can be valuable sources of fatty acids with a positive impact on lipid accumulation, thermogenesis, and modulation of adipokines and insulin resistance [15,16,17,18,19,20]. Moreover, the presence of vegetable oils can have a positive effect on gut microbiota; for example, coconut oil has been responsible for an increase in the abundance of probiotic bacteria, such as Lactobacillus, Allobaculum, and Bifidobacterium species [21]. On the other hand, polyunsaturated fatty acids (PUFAs) are responsible for maintaining the Firmicutes/Bacteroidetes [22]. However, as reported in previous works, the fatty acids profile of vegetable oil is significantly affected by gastrointestinal tract conditions [17,18]. Resistance to such conditions is one of the most important factors in a food’s functionalization with bioactive fatty acids and is directly linked to their potential bioactivity. As discussed in previous works, bigels can be a valuable strategy to enhance vegetable oil’s resistance. Bigels are semi-solid formulations produced by mixing an organogel and hydrogel at a certain temperature. These formulations possess interesting properties such as cooling and moisturizing effects, delivery of both hydrophobic and hydrophilic compounds, and improved spreadability [23]. Despite these benefits, the presence of these soft materials does not always have a positive effect on the visual appearance of the products [17,18]. Taking into consideration the above rationale and the drawbacks identified in the previous studies, this work aimed to improve the previous functionalized yogurts formulations by enhancing their in vitro digestion resistance and visual appearance. Furthermore, the effect of the nature of different fatty acids profiles was evaluated though a more detailed evaluation of yogurt’s biological potential.




2. Materials and Methods


2.1. Materials and Reagents


Geleol was kindly donated by Gatefossé (France). Avocado oil was obtained from Fula (Portugal), Coconut oil, Origens Bio, was obtained from Continente (Portugal), and powdered skim milk from Nestlé (Portugal); natural yogurts were obtained from Mimosa (Lactogal, Portugal). Carboxymethylcellulose was obtained from Merck (USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), sodium alginate, α-amylase, pepsin, hydrochloric acid, sodium hydroxide, porcine pancreatin, bile salts, and dimethyl sulfoxide (DMSO) were obtained from Sigma (St. Louis, MO, USA). Lipase was obtained from Lipolytech (Marseille, France). Dulbecco’s Modified Eagle’s Medium (DMEM) and non-essential amino acids (NEAA) were obtained from Gibco, (Thermo Scientific, USA). Fetal bovine serum from Biowest (FBS; Nuaillé, France), penicillin-streptomycin-fungizone from Lonza (Basel, Switzerland), and calf bovine serum iron-fortified were obtained from ATCC (Virginia, USA). Lipopolysaccharides from Escherichia coli O111:B4 (LPS) were obtained from Invitrogen (USA). Adipolysis Assay Kit, Mouse Leptin ELISA kit, Mouse Adiponectin ELISA kit, and Hepatic Lipid Accumulation Kit were obtained from Abcam (ab133115, ab199082, ab18785, ab133131, Cambridge, UK). Legend Max Mouse Elisa Kit IL-6 and the Legend Max Mouse Elisa Kit TNF-α were obtained from BioLegend (San Diego, CA, USA) and BCA Pierce Assay Kit was obtained from ThermoScientific (Waltham, MA, USA).




2.2. Bigel Production


Bigels were produced as previously described by Machado et al., 2022 [17] with some modifications. In short, geleol was melted at 60 °C on a hotplate and mixed with tween 80. Following this, carboxymethyl cellulose (2% w/v) (for avocado bigels) or alginate (1% w/v) (for coconut bigels, new formulation) were added through continuous mixing for 2 min after which the respective vegetable oil was added and the mixtures homogenized for 1 min at 18,000 rpm in an ultra-turrax (IKA T 25 digital, Janke and Kunkel IKA, Germany). Mixtures were then sonicated (Sonics Vibra-Cell™ VCX 130) at 60% amplitude for 1 min and subsequently cooled to room temperature before use.




2.3. Yogurt Production


For yogurt production, commercial powdered skimmed milk was dissolved in water (13% w/v; Nestlé, Portugal). Then vegetable oils (1.5% (w/w) and respective bigels (3% (w/w), corresponding to the equivalent free oil 1.5% (w/w) were added and the mixture pasteurized (85 °C, 5 min) in a water bath. Plain reconstituted milk was used for the production of the control yogurt. Before fermentation, samples were cooled (1 h) to 45 °C, inoculated at 3% (w/w) with natural yogurt (Mimosa Natural, Lactogal, Portugal) as a source of starter culture, and then incubated at 43 °C, in plastic yogurt containers, until a final pH value of 4.6 was reached. Samples were stored at 4 °C until usage and per each yogurt type—plain yogurt control (CT), coconut oil fortified yogurt (COY), coconut bigel fortified yogurt (CBY), avocado oil fortified yogurt (AOY), and avocado bigel yogurt (ABY)—15 yogurt samples were prepared.




2.4. Fatty Acids Profile


The fatty acid profile was evaluated as described by Machado et al. (2022) [17]. Briefly, fatty acid methyl esters were analyzed in a gas chromatograph Agilent 8860 (Agilent, Santa Clara, CA, USA), equipped with a flame ionization detector and a BPX70 capillary column (60 m × 0.25 mm × 0.25 μm; SGE Europe Ltd., Milton Keynes, UK) with analysis conditions being as follows: injector (split 25:1; injection volume 1 µL), injector, and detector temperatures were 250 °C and 275 °C, respectively; hydrogen was used as a carrier gas at a flow rate of 1 mL/min. The initial oven temperature was 60 °C and was then increased to a final temperature of 225 °C. Sample identification was performed using Supelco 37 standard and each sample was analyzed in triplicate. Additionally, the nutritional quality indexes (atherogenic index (AI), thrombogenic index (TI), hypocholesterolemic/hypercholesterolemic ratio (HH), and health promoting index (HPI) were calculated according to equations 1 to 4 [24].


  A I =     C 12 : 0 + 4 ×   C 14 : 0   + C 16 : 0       ∑ M U F A + ∑ P U F A   n 6 + ∑ P U F A   n 3      



(1)






  T I =     C 14 : 0 + C 16 : 0 + C 18 : 0       0.5 × ∑ M U F A + 0.5 × ∑ P U F A   n 6 + 3 × ∑ P U F A   n 3 +     ∑ P U F A   n 3   ∑ P U F A   n 6          



(2)






  H H =     C 18 : 1 n 9 + C 18 : 2 n 6 + C 18 : 3 n 3 + C 20 : 4 n 6 + C 20 : 5 n 3       C 14 : 0 + C 16 : 0      



(3)






  H P I =   ∑ U F A     C 12 : 0 +   4 × C 14   + C 16      



(4)








2.5. In Vitro Digestion


The in vitro digestion was performed according to the INFOGEST method [25]. In brief, to mimic the oral phase, 5 g of yogurt was mixed with simulated salivary fluid (1:1 w/w), 75 U/ mL of α-amylase was added, and the mixture was incubated for 2 min at 37 °C under continuous shaking. In the gastric phase, samples were added to simulated gastric fluid (1:1 v/v), and the pH was set to 3 using HCl (1M). The enzymes pepsin and lipase were added (2000 U/mL and 60 U/mL, respectively), and the mixture was incubated for 120 min at 37 °C under continuous shaking. Finally, to mimic the intestinal phase, the pH was set to 7 using NaOH (1 M) and simulated intestinal fluid was added (1:1 v/v). Porcine pancreatin and bile were added to the digestion to achieve 100 U/mL and 10 mM, respectively. The mixture was incubated for another 120 min at 37 °C under continuous shaking. To screen the impact of digestion conditions on the fatty acids profile, yogurt samples were collected at different stages (after oral, gastric, and intestinal steps). The fatty acids profile was evaluated as described above using 500 µL of the sample. After in vitro digestion, samples were centrifuged at 14,000 rpm for 30 min, and the supernatant was collected for cell-based assays.




2.6. Biological Properties


2.6.1. Cell Lines


Human Caucasian colon carcinoma epithelial cells (Caco-2) were obtained from the European Collection of Authenticated Cell Cultures (ECACC 86010202). Human hepatocellular carcinoma (Hep G2), mouse macrophages RAW 264.7, and mouse pre-adipocytes 3T3-L1 were all obtained from American Type Culture Collection (ATCC; ATCC HB-8065, TIB-71 and CL-173, respectively). Hep G2 and RAW cell lines were cultured using DMEM supplemented with 10% (v/v) FBS and 1% (v/v) of Penicillin-Streptomycin-Fungizone. Caco-2′ was grown in the conditions previously referred to with the addition of 1% (v/v) NEAA. Pre-adipocytes were cultured in DMEM with 10% (v/v) of iron-fortified CBS and 1% (v/v) of Penicillin-Streptomycin-Fungizone. All cell lines were incubated at 37 °C under a humidified atmosphere comprised of 5% CO2 and 95% air.




2.6.2. Metabolic Activity


Metabolic activity assays were carried out as previously described by Machado et al. (2022) [17]. Briefly, cells were seeded (1.0 × 104 cells/well) into 96-well tissue culture plates (Thermo Scientific, Denmark) and incubated. After 24 h, the media was carefully removed and replaced with 100 μL of digested samples (0.07 mg of fatty acid/mL), plain media (growth control), and media containing 40% (v/v) DMSO (death control) and re-incubated for 24 h. Following this, 100 μL of MTT solution (0.5 mg/mL) were added to each well, and the plates were incubated for 2 h following which the wells’ content was aspirated, 100 μL of DMSO were added, and the plates were shaken to ensure the stain dissolution. After 10 min, the absorbance was read (570 nm) using a microplate reader (Synergy H1, Biotek Instruments, Winooski, VT, USA). The percentage of metabolic inhibition was calculated according to the following equation:


  %   m e t a b o l i c   i n h i b i t o n =   A b s   g r o w t h   c o n t r o l − A b s   s a m p l e   A b s   g r o w t h   c o n t r o l   × 100  



(5)







In which the Abs growth control is the absorbance of cells treated with only growth medium, and the Abs sample is the absorbance of cells treated with each sample.




2.6.3. Hepatic Lipid Accumulation


Hepatic Lipid Accumulation was performed according to Machado et al. (2022) [17] using Abcam’s hepatic lipid accumulation assay kit. Hep G2 (1.0 × 103 cells/well) were seeded in 96-well tissue culture plates and allowed to adhere. After 24 h, the media was removed and replaced with digested samples, plain media (negative control), or 25 μM chloroquine (positive control). After 72 h of exposure, media was removed, lipid droplets were stained with Oil Red O, and then dissolved using the dye extraction buffer. After gentle shaking, the absorbance at 490 nm was read using a microplate reader. To evaluate the possible effects of fatty acids on hepatic steatosis, another assay was conducted in which digested samples were diluted in media with 25 µM of chloroquine. All assays were performed in quadruplicate.




2.6.4. Adipolysis


Adipolysis assays were carried out according to the method described by Machado et al. (2022) [17] using Abcam’s adipolysis assay kit. Briefly, 3T3-L1 cells were seeded (3.0 × 103 cells/well) in 96-well tissue culture plates and grown until confluent. Two days after confluence, differentiation was induced, and subsequent media renewals were conducted every 3 days using insulin media. When 80% differentiation was reached, cells were exposed to digested samples or exposed to 10 μM isoproterenol (positive control). After 24 h incubation, the glycerol concentration in the media was measured by adding a glycerol-free reagent to 25 μL of cell supernatants. This mixture was incubated for 15 min at room temperature, and the absorbance at 520 nm was read using a microplate reader (Synergy H1, Biotek Instruments, Winooski, VT, USA).




2.6.5. Adipokines Secretion


Adipokines secretion was evaluated according to Machado et al. (2022) [26]. Briefly, pre-adipocytes were seeded at 2.0 × 104 cells/mL and differentiated. When cells reached 80% of differentiation, the medium was replaced with a medium with digested samples and incubated for 24 h. For basal activity, plain media was used as a control. At the end of the assay, supernatants were collected and centrifuged to remove debris. Adiponectin and leptin detection was performed by ELISA using Abcam’s Mouse Leptin ELISA kit and Mouse Adiponectin ELISA kit according to the manufacturer’s instructions. The protein content of samples was determined using the BCA Pierce Assay Kit. Leptin values were obtained in pg/µg of protein in the sample and adiponectin in ng/ng of protein.




2.6.6. Immunomodulation in Raw 264.7


Raw 264.7 cells were seeded (2 × 105 cells/mL) into 24-well tissue culture plates. After 24 h, the culture media was carefully replaced with digested samples, plain culture media (basal expression control), media with 1 µg/mL of LPS (inflammation control), and samples with 1 µg/mL of LPS, and the plates were incubated. After 24 h of exposure, the supernatants were collected, centrifuged to remove cellular debris, aliquoted, and stored at −80 °C until analysis. Cytokine quantification was carried out using commercially available kits as per the manufacturer’s instructions. Interleukin (IL)-6 was determined using Biolegend’s LEGEND MAX Mouse IL-6 ELISA Kit, and Tumor Necrosis Factor (TNF)-α was determined using BioLegend’s LEGEND MAX Mouse TNF-α ELISA Kit. Total protein was determined using BCA Pierce Assay Kit and the cytokine values expressed in pg cytokine/µg of protein.





2.7. Statistical Analysis


Minitab 17 was used to carry out statistical analysis. All data was reported as mean ± standard deviation. Shapiro-Wilk’s test was used to confirm the normality of data distribution. The results obtained were tested at a 0.05 significance level using a one-way analysis of variance (ANOVA), followed by a multiple comparisons test (Tukey) to identify statistically significant differences between samples.





3. Results and Discussion


3.1. Fatty Acids Profile


The fatty acids profile of all produced yogurts is shown in Table 1. When considering only the data obtained for the coconut oil yogurts, the results obtained corroborated the trend already discussed by Machado et al. [18] for coconut oil yogurts produced at a pilot scale. Results showed that supplementation with coconut oil significantly (p < 0.05) enhanced the content of medium-chain fatty acids (81 times higher than the CT for COY samples and 52 times higher for CBY), and the amount of lauric acid (C12) significantly increased (p < 0.05) by more than 97%. This is particularly interesting as this fatty acid has a high biological potential as an anti-obesity ingredient due to its impact on fatty acid oxidation and thermogenesis [19,20]. Moreover, the amount of linoleic acid (C18:2), an essential fatty acid, was slightly improved in these yogurts. The high AI and TI values, which are related to the risk of coronary disease, can be attributed to the saturated nature of coconut oil, with the presence of a high concentration of saturated fatty acids (SFA), with myristic acid (C14) and palmitic acid (C16) in particular being linked to the thrombogenic and atherogenic effect, as these fatty acids favor the adhesion of lipids to cells of the circulatory and immune systems [24]. Additionally, the high amount of SFA was also responsible for the negative impact on cholesterol management, here demonstrated by the low HH ratio. From a nutritional perspective, the CBY yogurts seem to be a better option than COY, due to their significant (p < 0.05) lower AI and TI levels and slightly enhanced HH and HPI ratios, due to the lower amount of myristic acid (C14) and palmitic acid (C16) associated. In comparison with the results previously reported by Machado et al., 2022, the results showed an increase in AI and TI indexes for both coconut yogurts, due to the increased content of total fatty acids [18]. This increment can be due to the poor homogenization of the oil in the milk when compared with the homogenization achieved at the pilot scale as well as fewer pasteurization steps. Such observation further supports the interdependence between technological process, physico-chemical composition, and eventual biological role.



On the other hand, the supplementation with avocado oil significantly increased (p < 0.05) the amount of monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs), with MUFAs and PUFAs content being 9.9 times and 15 times higher, respectively, in AOY samples than in the CT. In the unsaturated fraction, the linoleic acid content increased by 93%, which is an important result, due to the biological importance of this essential fatty acid as a precursor of an important lipid mediator (such as leukotrienes) involved in inflammatory processes [27].



In the case of ABY samples, the increase in the MUFAs and PUFAs content was significantly (p < 0.05) higher than the ones reported for AOY samples, with MUFAs content being 2 times higher than the one reported for AOY and 19 times higher than the one obtained for CT. In relation to the PUFAs, a 55% increase was observed in ABY in comparison with AOY and a 96.6% increase when compared with CT. In addition to the significant (p < 0.05) increase (ca 96%) of the linoleic acid content, the addition of avocado bigel resulted in the incorporation of a small amount of α-linolenic acid (C18:3 c9c12c15), another essential fatty acid which is a precursor of anti-inflammatory lipid mediators [27]. In terms of the nutritional quality of the AOY and ABY fatty acids profile, a positive effect was observed on AI and TI values, with both showing significant (p < 0.05) reductions (ca. 92% for AI and ca. 86% for TI) in comparison with the CT. This result was justified by the high amount of unsaturated fatty acids present in the samples, which are recognized as anti-thrombogenic and anti-atherogenic molecules [24]. The high percentages (ca. 76%) of unsaturated fatty acids were responsible for the high HH and HPI ratios. Concerning the HH ratio, significant (p < 0.05) differences were observed between avocado oil yogurts (AOY and ABY) and the CT, with a 23% increase in the potential capacity to maintain normal cholesterol levels being registered. The positive effect of avocado oil was also demonstrated by a significant (p < 0.05) increase (ca 89%) in the HPI ratio, which is related to the global beneficial effects of a food product on human health [24]. The results obtained in this work helped corroborate with those reported by Machado et al. in 2022 and are aligned with the results obtained for flaxseed and olive oils [17,28,29].




3.2. Impact of In Vitro Digestion on Fatty Acids Profile


As can be seen in Figure 1, the fatty acid profile of fortified yogurts was significantly affected by gastrointestinal tract passage. In the COY samples (Figure 1A), small percentages (under 10%) of medium-chain fatty acids reached the intestine. In comparison, CBY samples showed higher recovery percentages, although no significant differences (p ˃ 0.05) were observed. In relation to the long-chain fatty acids (˃C14), higher recovery percentages were verified in both coconut oil yogurts. Significant differences (p < 0.05) were observed for myristic (C14) and oleic (C18:1 c9) acids in coconut yogurts. In these cases, CBY yogurts showed high recovery percentages (8 times higher than COY for myristic acid and 1.5 times for oleic acid). Indeed, the formulation with bigel continued to offer better gastrointestinal tract resistance in this study, and replacement of carboxymethylcellulose by alginate did not have a negative effect. More than 90% of the main coconut oil bioactive fatty acids were able to reach the intestine.



Regarding AOY and ABY yogurts (Figure 1B), significant differences (p < 0.05) were observed for myristic (C14), palmitic (C16), linoleic (C18:2), and γ-linolenic acid (C18:3 c6c9c12). In these cases, high recovery percentages were observed for ABY yogurts, except for myristic acid where AOY showed 1.5 times less degradation during the digestion. Although there were no significant differences (p ˃ 0.05), oleic acid the main bioactive fatty acid in avocado oil showed greater resistance to the gastrointestinal tract in ABY samples. The amount of this fatty acid was reduced by ca 53% in AOY and ca 37% in ABY yogurts. In summary, ABY showed less degradation during the digestion than the AOY yogurts. The recovery percentages of oleic acid obtained in this work were 2 times higher for AOY and 1.3 times higher for ABY when compared to the previous work [17].




3.3. Biological Properties


3.3.1. Metabolic Activity


As can be seen in Figure 2, the yogurt samples and the control did not exert significant inhibitory activity upon the cellular metabolism of all tested cell lines at the tested concentration (0.07 mg of fatty acid/mL). All samples showed metabolic inhibition percentages of less than 30%, the limit defined by ISO 10993-5:2009 [30]. Moreover, when considering the impact of yogurt samples upon Hep G2 metabolism, an apparent metabolic stimulation was found for CT, CBY, AOY, and ABY (negative value of metabolism inhibition). The same positive effect on Hep G2 metabolism was reported in previous work using avocado and coconut oils [17,18].




3.3.2. Impact on Hepatic Lipid Accumulation


Nonalcoholic fatty liver disease results from ectopic lipid accumulation, glucose intolerance, and hypertriglyceridemia [31]. Due to their continuous rise, the development of novel strategies for their prevention is needed. Dietary fatty acids can give an important contribution, because they are essential regulators of many cellular functions that exert an effect on lipogenesis and glucose metabolism [31].



The presence of vegetable oil-added did not increase the lipid accumulation in Hep G2 cells (Figure 3).



No significant differences (p ˃ 0.05) were observed between the control and fortified yogurts. These results showed an improvement (20%) in the bioactive fatty acids’ positive effect on lipid accumulation when compared with the previous works [17,18]. In the steatosis-induced Hep G2 cells, the presence of pre-digested yogurt samples reduced lipid accumulation; however, no statistically significant differences (p ˃ 0.05) were observed between fortified yogurts and their CT counterpart. Despite this, the avocado oil yogurts reduce 1.1 times more hepatic lipid accumulation (in the steatosis-induced model) than the control and 1.2 times more than the coconut yogurts. The positive effect of avocado and coconut oils on the steatosis-induced model was more evident in this work than in those previously reported [17,18]. Recall that the effect of coconut oil on lipid accumulation can be related to the capacity of medium-chain fatty acids to promote the up-regulation of adipose triglyceride lipase and hormone-sensitive lipase [32]. On the other hand, the presence of monounsaturated fatty acids (in avocado oil) can ameliorate the lipotoxicity induced by other fatty acids which have been demonstrated by in vivo and in vitro studies to be responsible for steatosis [33,34].




3.3.3. Impact on Adipolysis and Adipokines Secretion


Lipolysis is one of the most important metabolic processes occurring in the adipose tissue, and it is related to the decomposition of triglycerides [35]. The results obtained (Figure 4) showed that 3T3-L1 differentiated adipocytes treated with pre-digested yogurts showed a slight increase in adipolysis when compared with isoproterenol (the assay control); however, no significant differences (p ˃ 0.05) were verified (Figure 4A). The glycerol release values were similar to those reported in the previous works [17,18].



Despite the non-significant differences, the CBY samples increased the adipolysis 1.1 times more than ABY samples. Concerning the adipokines secretion (Figure 4B), the presence of pre-digested yogurt samples led to a significant (p < 0.05) increase in adiponectin secretion when compared with the basal activity. The presence of ABY samples increased by ca 62% the adiponectin secretion compared with the basal activity and by ca 53% when compared with CT yogurt. There were also significant (p < 0.05) increases in the presence of coconut oil yogurts. In this case, coconut yogurts promoted a ca 47% additional adiponectin secretion when compared with basal activity and 35% more when compared with the CT yogurt. A previous study reported that oleic acid (the major constituent of avocado oil) is responsible for an increase in the adiponectin secretion in 3T3-L1 cells [36]. In relation to coconut oil, an in vitro study showed that lauric acid (the main fatty acid in CO) did not affect adiponectin secretion in 3T3-L1 cells [37]. Regarding leptin secretion (Figure 4C), all yogurts promoted a significant (p < 0.05) reduction in its secretion. Comparing the fortified yogurts and control, no significant differences (p ˃ 0.05) were observed. Previous studies showed that medium-chain fatty acids present in coconut oil can down-regulate leptin secretion in rats [38,39], while for avocado oil yogurts, the effect can be related to the high amount of oleic acid which is responsible for the high reductions in leptin secretion in 3T3-L1 cells [40].




3.3.4. Immunomodulation Capacity


The immunomodulatory capacity of yogurts was assessed in RAW 264.7 cells. No effect was observed in TNF-α in basal and LPS-stimulated cells (Figure 5B). Regarding IL-6 secretion, in non-stimulated conditions, a pro-inflammatory effect was observed for all yogurt samples (Figure 5).



The presence of CT yogurt significantly (p < 0.05) increased (ca 95%) IL-6 secretion. Concerning the fortified yogurts, significant differences (p < 0.05) were observed between avocado fortified yogurts and the control. The CBY increased the IL-6 secretion by ca. 93%. This increase is higher than observed for ABY (ca. 90%). Conversely, in LPS-stimulated cells, all samples exhibited an anti-inflammatory effect with significant differences (p < 0.05) being observed between fortified yogurts and CT yogurts. The CBY yogurt showed the lowest value of IL-6 secretion, which corresponds to a ca. 75% reduction in comparison with the stimulated control (Control+). The presence of avocado oil led to a ca. 60% reduction in IL-6 secretion in the inflammation model. A possible explanation for these results can be attributed to the MUFAs activity, as previous in vivo and in vitro studies demonstrated that they can reduce IL-6 secretion due to their capacity to inhibit nuclear factor-kappaB (NF-kB) and the NOD-like receptor family pyrin domain activation through the direct binding to G-protein coupled receptor 120 (GRP120) and peroxisome proliferator-activated receptors [41]. On the other hand, coconut oil exhibits a capacity to down-regulate the secretion of pro-inflammatory cytokines through the downregulation of cyclooxygenase expression. Moreover, coconut oil has also been shown to be capable of inhibiting NF-kB expression and reducing the production of inflammatory lipid mediators [42,43,44,45,46]






4. Conclusions


Overall, the lab-scale formulations showed improved results compared to the previous formulations studied. These formulations showed high resistance during the in vitro digestion, particularly the formulations with avocado oil. The recovery percentage of oleic acids increased 2 times for AOY and 1.3 times for ABY. The use of alginate in the bigel preparation did not affect the coconut digestion resistance and maintained the high percentages of lauric acid recovery. The use of avocado oil in yogurt production allowed an improvement in the HH and HPI ratios, which are related to health benefits for human health, particularly in the management of normal cholesterol levels. The only drawback of the proposed fortified yogurts was the apparent decrease in their nutritional value, specifically in the case of coconut oil yogurts due to the high amount of saturated fatty acids; however, this may be compensated by the positive impacts upon the target cellular metabolism. In fact, all yogurt samples were capable of exerting positive modulation over various obesity-related key processes, such as reduction of lipid accumulation both in hepatocytes and adipocytes and leptin secretion, and they also showed anti-inflammatory potential as they reduced IL-6 secretion in LPS-stimulated macrophages. Comparing all yogurts, functionalized yogurts stand out positively in relation to the increase in adiponectin secretion and in the reduction of IL-6 in LPS-stimulated cells. In conclusion, the developed functional yogurt prototypes despite showing high potential as future obesity-modulating foodstuffs still require some optimization to improve their nutritional value, mainly the improvement of fatty acids stability during digestion.
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Figure 1. Recovery percentages of fatty acids in fortified yogurts ((A) coconut oil yogurts, (B) avocado oil yogurts). Different letters mean significant differences between yogurts as determined by a one-way ANOVA test (p < 0.05). CT—control yogurt, COY—coconut oil yogurt; CBY—coconut bigel yogurt; AOY—avocado oil yogurt; ABY—avocado bigel yogurt. 
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Figure 2. Effect of yogurt-digested samples on the metabolic activity of the target cell lines. The dotted line represents the 30% cytotoxicity limit as defined by ISO 10993-5:2009. CT—control yogurt, COY—coconut oil yogurt; CBY—coconut bigel yogurt; AOY—avocado oil yogurt; ABY—avocado bigel yogurt. 
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Figure 3. Hepatic lipid accumulation results for the different yogurts (A) without induced steatosis; (B) steatosis induced. Different letters mean significant differences between yogurts as determined by a one-way ANOVA test (p < 0.05). CT—control yogurt, COY—coconut oil yogurt; CBY—coconut bigel yogurt; AOY—avocado oil yogurt; ABY—avocado bigel yogurt. 
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Figure 4. Effect of yogurts on adipolysis and adipokines secretion. (A) adipolysis; (B) adiponectin; (C) leptin. Different letters mean significant differences as determined by a one-way ANOVA test (p < 0.05) between samples. CT—control yogurt, COY—coconut oil yogurt; CBY—coconut bigel yogurt; AOY—avocado oil yogurt; ABY—avocado bigel yogurt. 
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Figure 5. Modulation of inflammatory response in RAW 264.7 cells ((A) IL-6 secretion; (B) TNF-α secretion). The left part of all graphs corresponds to the non-stimulated cell’s response, and the right is related to the anti-inflammatory effect. Different letters mean significant differences as determined by a one-way ANOVA test (p < 0.05) between samples. Control—is the basal activity, Control + is the basal activity in LPS-stimulated cells. CT—control yogurt, COY—coconut oil yogurt; CBY—coconut bigel yogurt; AOY—avocado oil yogurt; ABY—avocado bigel yogurt. 
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Table 1. Fatty acids profile of yogurts and their nutritional quality indexes.
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CT

	
COY

	
CBY

	
AOY

	
ABY






	
C6

	
n.d.

	
0.08 ± 0.04 a

	
0.01 ± 0.01 b

	
n.d.

	
n.d.




	
C8

	
n.d.

	
1.36 ± 0.61 a

	
0.20 ± 0.02 b

	
n.d.

	
n.d.




	
C10

	
0.02 ± 0.01 b

	
1.27 ± 0.54 a

	
0.20 ± 0.02 b

	
n.d.

	
n.d.




	
C12

	
0.03 ± 0.02 b

	
1.47 ± 0.20 a

	
2.16 ± 0.60 a

	
n.d.

	
n.d.




	
C14

	
0.11 ± 0.07 b

	
5.51 ± 2.05 a

	
0.92 ± 0.08 b

	
0.04 ± 0.001 b

	
0.04 ± 0.001 b




	
C16

	
0.36 ± 0.22 b

	
2.50 ± 0.85 a

	
0.84 ± 0.08 b

	
0.68 ± 0.36 b

	
1.38 ± 0.56 ab




	
C16:1

	
n.d.

	
0.01 ± 0.001 b

	
n.d.

	
0.15 ± 0.09 ab

	
0.29 ± 0.13 a




	
C18

	
0.12 ± 0.07 c

	
1.01 ± 0.33 a

	
0.60 ± 0.06 ab

	
0.11 ± 0.04 c

	
0.32 ± 0.11 bc




	
C18:1 c9

	
0.24 ± 0.14 b

	
1.64 ± 0.58 ab

	
0.65 ± 0.05 b

	
2.08 ± 1.29 ab

	
4.10 ± 1.78 a




	
C18:1 c11

	
n.d.

	
n.d.

	
n.d.

	
0.16 ± 0.10 a

	
0.30 ± 0.14 a




	
C18:2

	
0.03 ± 0.01 b

	
0.22 ± 0.19 b

	
0.06 ± 0.01 b

	
0.44 ± 0.28 ab

	
0.85 ± 0.38 a




	
C18:3 c6c9c12

	
n.d.

	
0.09 ± 0.10 a

	
n.d.

	
0.02 ± 0.01 a

	
0.03 ± 0.01 a




	
C20:1

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
0.02 ± 0.01




	
C18:3 c9c13c15

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
0.02 ± 0.01




	
∑Fatty acids

	
0.91 ± 0.53 b

	
15.16 ± 4.99 a

	
5.62 ± 0.88 b

	
3.69 ± 2.16 b

	
7.35 ± 3.13 b




	
Nutritional Quality Indexes




	
AI

	
3.52 ± 0.07 c

	
13.23 ± 0.11 a

	
9.43 ± 0.76 b

	
0.31 ± 0.05 d

	
0.28 ± 0.02 d




	
TI

	
4.37 ± 0.12 c

	
9.15 ± 0.07 a

	
7.30 ± 0.20 b

	
0.61 ± 0.08 d

	
0.60 ± 0.03 d




	
HH

	
2.82 ± 0.13 b

	
0.23 ± 0.02 c

	
0.40 ± 0.01 c

	
3.60 ± 0.42 a

	
3.67 ± 0.16 a




	
HPI

	
0.33 ± 0.01 b

	
0.08 ± 0.001 b

	
0.11 ± 0.01 b

	
3.28 ± 0.58 a

	
3.56 ± 0.26 a








Results are expressed in mg/g and are the means of three determinations ± standard deviation. Different letters in the same line mean significant differences between samples as determined by a one-way ANOVA test (p < 0.05). CT—control yogurt, COY—coconut oil yogurt; CBY—coconut bigel yogurt; AOY—avocado oil yogurt; ABY—avocado bigel yogurt. C6 caproic acid; C8 caprylic acid; C10 capric acid; C12 lauric acid; C14 myristic acid; C16 palmitic acid; C16:1 palmitoleic acid; C18 stearic acid; C18:1 c9 oleic acid; C18:1 c11 cis-vaccenic acid; C18:2 linoleic acid; C18:3 c6c9c12 γ-linolenic acid; C20:1 cis-gondoic acid, C18:3 α-linolenic acid. AI atherogenic acid, TI thrombogenic acid, HH hypocholesterolemic/hypercholesterolemic ratio, HPI health promoting index; n.d. not detected.
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