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Abstract

:

Heating oils and fats for a considerable length of time results in chemical reactions, leading to the aggravation of a free radical processes, which ultimately contributes to atherosclerosis. Our study focused on elucidating the effect of feeding heated oils with or without dietary cholesterol on the development of atherosclerosis in rabbits. We heated palm olein and corn oil at 180 °C for 18 h and 9 h per day, respectively, for two consecutive days. Next, 20 male rabbits were divided into four groups and fed the following diet for 12 weeks: (i) heated palm olein (HPO); (ii) HPO with cholesterol (HPOC); (iii) heated corn oil (HCO); and (iv) HCO with cholesterol (HCOC). Plasma total cholesterol (TC) was significantly lower in the HCO group compared to the HCOC group. Atherosclerotic lesion scores for both fatty plaques and fatty streaks were significantly higher in the HCO and HCOC groups as compared to the HPO and HPOC groups. Additionally, fibrous plaque scores were also higher in the HCO and HCOC groups as compared to the HPO and HPOC groups. These results suggest that heated palm oil confers protection against the onset of atherosclerosis compared to heated polyunsaturated oils in a rabbit model.






Keywords:


heated fats; cholesterol; atherosclerosis; corn oil; palm olein












1. Introduction


Edible oils and fats form an indispensable component of our diet. They provide a large portion of our energy needs, supply essential fatty acids, and act as carriers for fat-soluble vitamins. They also impart special flavor, texture, and taste to our food so that we can pamper our taste buds as we bite into our favorite foods. In many parts of the world, including Malaysia, there is a tendency for oils to be used repeatedly in frying and cooking. During the frying process, many chemical changes occur, such as oxidation, polymerization, and hydrolysis. These chemical changes can lead to the production of oxidized products [1]. Several observations suggest that a diet rich in oxidized fat can lead to atherosclerosis [2] and ultimately cardiovascular disease [3]. Atherosclerosis is the condition in which an artery wall thickens as a result of the buildup of fatty materials such as cholesterol [4]. This syndrome usually affects arterial blood vessels and occurs in response to chronic inflammatory processes [4]. Many factors have been incriminated in triggering the inflammatory process [5]. One of these is the accumulation of macrophages and white blood cells promoted by low-density lipoproteins. Inadequate removal of fats and cholesterol from the macrophages results in the formation of fatty streaks which ultimately lead to fibrous plaques [6].



In animal studies, highly oxidized and degraded substances caused adverse biological effects including growth retardation, diarrhea, cellular damage, and even death [7,8,9,10,11]. Studies have also shown that heating edible fats at high temperatures and feeding these to animals increase the development of atherosclerotic lesions [8,12,13,14].



Palm oil is one of the world’s most widely consumed oils. Palm oil contains equal portions of saturated and unsaturated fatty acids [15]. It is excellent for deep-fat frying on a continuous basis as it has a balanced saturated-unsaturated fatty acid composition and good oxidative stability. Palm oil also has a significant level of natural antioxidants and has little tendency to form gums and off-flavors [16,17]. Palm olein was also reported to be a stable frying oil [18,19]. Palm olein not only has a higher stability index, [19,20,21,22] but it also extends the shelf life of fried foods [19,21,22,23,24].



The effects of heated palm oil on lipid parameters as well as its ability to produce atherosclerosis have yet to be determined. In light of this, our study focused on the effect of feeding heated palm olein with and without cholesterol on the growth rate, organ functions, lipid parameters, and atherosclerotic lesions in male rabbits.




2. Materials and Methods


2.1. Animal Model


The ethical approval of the study was obtained from Institutional Animal Care and Use Committee (IACUC), Universiti Putra Malaysia. Twenty male New Zealand white rabbits aged four to five months with body weights of approximately 2 kg were assigned into four groups. The animals were housed individually in stainless steel cages and maintained in a temperature-controlled room (18–23 °C) with a 12 h daylight cycle.




2.2. Animal Diets


Animals were fed ad libitum on a semi-purified diet, containing 35% energy from fat for 12 weeks and had free access to their drinking water. The rabbits in Group 1 were fed the heated palm olein diet without added dietary cholesterol (HPO); those in Group 2 were fed the heated corn oil diet without added dietary cholesterol (HCO); those in Group 3 were fed the heated palm olein diet with added dietary cholesterol at 0.10% (w/w) (HPOC); and those in Group 4 were fed the heated corn oil diet with added dietary cholesterol at 0.10% (w/w) (HCOC). Diets were formulated according to Table 1.



Only two oils were used in this study: palm olein (Vesawit, Yee Lee Edible Oils Sdn Bhd, Ipoh, Perak, Malaysia) and corn oil (Vecorn, Yee Lee Edible Oils Sdn Bhd, Ipoh, Perak, Malaysia). These oils were heated in an electrically heated open fryer (Frymaster, Shreveport, LA, USA) at 180 °C for a total 18 h and nine hours per day, respectively, for two consecutive days. Both the test oils were analyzed for their polar compounds—according to the method of Diefenbaker and Pocklington [25]—polymer compounds [26], free fatty acids [27], induction period [27] (Table 2), and fatty acid contents [27] (Table 3). It was observed that after the 18 h of heating, the linoleic acid contents of both oils decreased, which could be used to indicate the level of oil deterioration [22,28,29]. Total vitamin E content in the heated oils was measured by high performance liquid chromatography [30]. It was found that the total vitamin E content of the heated corn oil was higher than that of the heated palm olein oil. However, the tocol contents were highest in the heated palm olein (Table 4).



The body weight gain of rabbits was measured weekly. At the end of the experiment, the rabbits were anaesthetized with a mixture of ketamine (50 mg/kg body wt.) and xylazine (10 mg/kg body wt). A 30 mL of blood was then drawn by heart puncture for biochemical analysis. All animals were then euthanized with sodium pentothal (100 mg/kg). Subsequently, the anterior chest wall was removed, and the abdominal cavity was opened to reveal the aorta and its branches. These vessels were excised as a unit, and loose adventitial tissue was removed using blunt dissection. The aorta was then opened longitudinally and pinned flat on a paraffin wax. Aorta was preserved in 10% formalin solution before staining with Oil Red-O for quantification of the atherosclerotic lesions.




2.3. Plasma Lipid Analysis


Plasma lipids with total cholesterol (TC), triglycerides (TG), high-density lipoproteins (HDL-C), and low-density lipoproteins (LDL-C) were analyzed using enzymatic assay kits (Roche Diagnostics GmbH, Mannheim, Germany), as per manufacturer’s protocols, using the Clinical Chemistry Autoanalyser, Roche/Hitachi 902 (Roche Diagnostics, F. Hoffmann-La Roche Ltd., Basel, Switzerland).




2.4. Plasma Antioxidant Status


Plasma antioxidant status was measured by the 2,2′-azinobis (3-ethylbenzothiazoline) 6-sulfonic acid radical cation (ABTS•+) decolonization assay and ferric reducing ability of plasma (FRAP) assay.



The ability of rabbit plasma to scavenge the ABTS•+ was measured using the method of Re et al. [31], as adapted by Balasundram [32]. In short, this assay measures the ability of antioxidants in the plasma, at the absorbance of 734 nm, to scavenge preformed ABTS•+ produced using the oxidation of ABTS with potassium persulfate. The ABTS•+ scavenging capacity of the plasma is reported in terms of mg/mL Trolox equivalents (mg/mL TE).



The FRAP assay was carried out using the method documented by Firuzi et al. [33], as adapted by Balasundram [32]. The original FRAP assay was developed by Benzie and Strain [34] as a test to measure the ferric reducing ability of plasma—i.e., the ability to reduce a ferric-2,4,6-tripyridyl-s-triazine (Fe3+-TPTZ) to ferrous-2,4,6-tripyridyl-s-triazine (Fe2+-TPTZ) using an electron transfer mechanism. This reduction resulted in the production of an intensely blue colored reduced complex, with maximum absorption at 593 nm [34]. The FRAP value of the plasma is reported in terms of mg/mL Trolox equivalents (mg/mL TE).




2.5. Aortic Examination


The aorta was stained with Oil Red-O. In addition, quantification of the atherosclerotic lesions was executed with the aid of a computer image analyzing software (iSolutionDT-iMTechnology, Bundang-gu, Seongnam-si, Gyeonggi-do, Korea). Lesions were categorized as follows: (a) Fibrous plaques: Raised nodular lesions, continuous, intense red, white hard visible to naked eyes; (b) Fatty plaques: Raised distinct lesions, intensely stained red; (c) Fatty streaks: Lipid accumulation, stained light red; (d) Lesion-free: Healthy intima.




2.6. Statistical Analysis


Statistical analysis was conducted using an SPSS software (version 17). Quantitative data were presented as means ± SD. The statistical significance between means was estimated by a one-way analysis of variance (ANOVA), followed with a least significant difference (LSD) multiple comparisons (protected LSD). Moreover, p < 0.05 was considered statistically significant.





3. Results


3.1. Animal Condition


The final weight changes for the surviving animals are shown in Table 5. Of the four groups, only rabbits fed the HPO diet showed an increase in weight gain; this was statistically significant compared to rabbits given the HPOC, HCO, and HCOC diets. The three other groups showed body weight losses, with the highest loss observed in the HCO group, followed by the HCOC and HPOC groups. The HPOC group showed the lowest body weight loss; this was statistically significant when compared to the HPO, HCO, and HCOC groups. Liver weight was the highest in the HPOC group followed by the HPO, HCOC, and HCO groups. However, the weights of hearts showed no significant differences between the four groups. Furthermore, no significant difference was noted in the alanine transaminase (ALT) levels between the groups (Table 5).




3.2. Plasma Lipid Analysis


Figure 1 shows the TC, TG, HDL-C, and LDL-C levels of rabbits in the four dietary groups. TC level was the lowest in the HCO group, but the highest in the HCOC group. This difference was statistically significant between the two groups. As for the TG levels, no significant difference was found between the dietary groups. Plasma LDL-C level was the highest in the HCOC group, followed by the HPOC, HPO, and HCO groups. However, these differences were also not found to be statistically significant.




3.3. Plasma Antioxidant Status


In order to determine the antioxidant capacity in rabbit plasma (Figure 2), the ABTS assay showed no significant difference between the four dietary groups. On the other hand, the plasma FRAP value was the lowest in the HCO dietary group; this was statistically significant when compared to the HPO, HPOC, and HCOC groups. However, among the HPO, HPOC, and HCOC groups themselves, the differences in FRAP value were not statistically significant.




3.4. Aortic Examination


In comparing fibrous plaques (Figure 3), the HCO group showed the highest lesion score, followed by the HCOC, HPOC, and HPO groups. Differences in these scores were statistically significant among the groups. When comparing the HPOC and HCOC groups, fibrous plaques seen in the HCOC group was significantly higher than the HPOC group. In comparing fatty plaques and fatty streaks however, the HCOC group showed the highest lesion score followed by the HCO, HPOC, and HPO groups. Differences in these scores were also statistically significant. Figure 4 visualized the development of atherosclerosis in all the rabbits used in this study after being fed the diet with and without added dietary cholesterol for 12 weeks.





4. Discussion


The main objective of this study was to evaluate the effect of ingesting heated palm olein with and without added dietary cholesterol, against heated corn oil with and without added dietary cholesterol on the lipid profiles, as well as examining the formation of atheroma in rabbits. Palm olein was chosen for this study because it is one of the most commonly used household and food industry frying oils in the world [35]. Corn oil is also widely used as an all-purpose cooking oil because of its unique flavor attributes. Furthermore, corn oil was said to be more stable than linolenate-containing oils such as soybean and canola [36,37].



From the obtained results, only the HPO group showed a positive weight gain as opposed to the HCO, HPOC, and HCOC groups, where decreases in body weights were observed. This was consistent with various studies that reported ingestion of highly oxidized oils and their degraded substances resulted in growth retardation and even death [7,8,38,39]. The observed phenomena could be attributed to the fact that heating oils at high temperatures for long periods of time generally results in oxidation, and that the byproducts of oxidation render the feed less palatable. Of the two oils, corn oil is more unsaturated and more prone to oxidation, thus less palatable, possibly leading to decreases in food intake and body weights. This might explain why rabbits from the HCO, HPOC, and HCOC groups were negative in terms of weight gain. The lower body weights could also be attributed to the intake of long-chain polymers that may cause fat to be less absorbed [39,40,41]. This might then interfere with absorption of other fat-soluble nutrients in the diet [41,42]. Palm olein, on the other hand, has been shown to be more resistant to oxidation. This resistance has been attributed to the higher proportion of tocols in relation to the lower polyunsaturated fatty acid contents [43,44]. The lower degree of oxidation would then make a palm oil-based diet more palatable than a corn oil-based diet, resulting in higher consumption of the palm-oil based diet. Moreover, this may help explain the differences in weight gain between the groups as was observed in the present study.



Long term consumption of oxidized oils has been reported to not only result in growth retardation, but cause liver enlargement [11,45,46,47,48]. In this study, the palm oil-based groups—HPO and HPOC—resulted in heavier liver weights than the corn oil-based groups, HCO and HCOC. No differences in heart weights and ALT levels were observed among the four dietary groups.



TC levels were comparable between the HPO, HPOC, and HCOC groups. However, the HCO group showed a significantly lower level of TC when compared to the other three groups. This finding was consistent with the fact that corn oil, being an unsaturated vegetable oil, did not raise TC. However, the HCOC diet in which dietary cholesterol was added caused TC levels to double. Palm olein naturally contains equal portions of saturated and unsaturated fatty acids. It has been reported that saturated fatty acids have been shown to result in an increased in TC [15], and thus is consistent with the current findings. However, adding cholesterol in the HPOC group did not result in a significant rise in TC. This is postulated to the suppression of endogenous production of cholesterol in the liver by the antioxidant capacity of the oil, resulting in the retardation of further TC increases. Similarly, these observations were made by Idris et al. [49], who found that a 12 week supplementation of palm oil containing vitamin E and phenolics suppressed atherosclerosis in hypercholesterolaemic rabbits, inferring then that the phytochemicals present in the oil suppress atherosclerosis without affecting plasma lipid levels. Other lipid parameters (TG, HDL-C, and LDL-C) showed no significant differences in levels among the four dietary groups.



In this study, plasma antioxidant capacity was measured by two different methods, namely FRAP and ABTS. Results obtained from the ABTS scavenging assay showed no significant differences among the four groups. Using the FRAP analysis, however, the HPO, HPOC, and HCOC groups showed significantly higher antioxidant levels when compared to the HCO group. The different results obtained between the ABTS•+ and FRAP methods could be due to the different reaction mechanisms involved. The ABTS•+ method is a diammonium salt radical cation scavenging assay, whereas the FRAP method is a ferric reducing power assay [32]. In addition, the antioxidants in plasma consist of complex cascade of enzymatic and non-enzymatic antioxidants, which may have evoked different responses to both of the ABTS•+ and FRAP measured [50,51].



In comparing the formation of fibrous plaques, fatty plaques, and fatty streaks between the groups, the corn oil-based diet groups showed a higher percentage in the formation of these lesions when compared to the palm oil-based diet groups. This was in line with the findings by Kritchevsky and Tepper [12], as well as Staprans et al. [13], which showed that heated corn oil was very atherogenic in rabbits. For fibrous plaque formation, the HCO group had the highest percentage of occurrence and this was significant when compared to the HPO, HPOC, and HCOC groups. In the formation of fatty plaques and fatty streaks, however, the HCOC group had the highest percentage of occurrence of these lesions. This finding was expected as other studies have shown that addition of cholesterol in oxidized fats resulted in an overwhelming increase in fatty plaques and fatty streaks in rabbits [14]. However, it was interesting to note that the percentage of all the lesions mentioned was very low in the palm oil-based diet groups, in concordance with the observation made previously by Idris et al. [49]. Even with the addition of cholesterol to palm oil, the increase in the percentage of lesions in the aorta was minimal. In the present study, rabbits in the HPO group did not exhibit significant differences in their plasma lipid profiles (TC, TG, HDL-C and LDL-C) in comparison with HPOC group. This was substantiated by insignificant differences in atherosclerotic lesion scores for both groups, signifying the atheroprotective effects of palm oil due to high antioxidant status based on the FRAP assay.




5. Conclusions


To this end, we conclude that palm olein, having a balanced fatty acid composition and an appreciably higher content of fat-soluble antioxidant vitamin E, confers protection against abusive high heat treatments. This was further biologically translated into a reduced tendency towards atherosclerosis as demonstrated in the current rabbit study.







Author Contributions


Conceptualization, C.A.C.I., K.S., and A.F.A.R.; Data curation, C.A.C.I., K.S., and A.F.A.R.; Formal analysis, C.A.C.I., K.S., and A.F.A.R.; Funding acquisition, C.A.C.I., and K.S.; Investigation, C.A.C.I., K.S., and A.F.A.R.; Methodology, C.A.C.I., K.S., and A.F.A.R.; Project administration, C.A.C.I.; Resources, C.A.C.I.; Supervision, K.S.; Validation, C.A.C.I., K.S., and A.F.A.R.; Visualization, C.A.C.I.; Writing—original draft, C.A.C.I. and A.F.A.R; Writing—review and editing, C.A.C.I., K.S., and A.F.A.R.




Funding


This research was funded by Malaysian Palm Oil Board (MPOB) grant number [PD63/05] and the APC was also funded by Malaysian Palm Oil Board (MPOB).




Acknowledgments


The authors thank the Director-General of the Malaysian Palm Oil Board (MPOB) for his support and permission to publish this paper. The authors gratefully acknowledge the technical assistance of Nagendran Balasundram, Adli Izam Zulkifly and Fatmawati Othman from the Nutrition Research Group of the Malaysian Palm Oil Board (MPOB). The authors also thank Leow Soon Sen from the Advanced Biotechnology and Breeding Centre of MPOB for helping in the preparation of the manuscript. Special thanks to Fuzina Nor Hussien, who previously from Universiti Putra Malaysia for assisting us in animal study.




Conflicts of Interest


C.A.C.I. is currently working for the Malaysian Palm Oil Board, K.S. is currently from the Malaysian Palm Oil Council which previously served the Malaysian Palm Oil Board, and A.F.A.R. did his research internship at the Malaysian Palm Oil Board.




References


	



Giua, L.; Blasi, F.; Simonetti, M.S.; Cossignani, L. Oxidative modifications of conjugated and unconjugated linoleic acid during heating. Food Chem. 2013, 140, 680–685. [Google Scholar] [CrossRef] [PubMed]

	



Xian, T.K.; Omar, N.A.; Ying, L.W.; Hamzah, A.; Raj, S.; Jaarin, K.; Othman, F.; Hussan, F. Reheated palm oil consumption and risk of atherosclerosis: Evidence at ultrastructural level. Evid.-Based Complement. Altern. Med. 2012, 2012, 828170. [Google Scholar] [CrossRef] [PubMed]

	



Ng, C.Y.; Leong, X.F.; Masbah, N.; Adam, S.K.; Kamisah, Y.; Jaarin, K. Heated vegetable oils and cardiovascular disease risk factors. Vasc. Pharmacol. 2014, 61, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Baradaran, A.; Nasri, H.; Rafieian-Kopaei, M. Oxidative stress and hypertension: Possibility of hypertension therapy with antioxidants. J. Res. Med. Sci. 2014, 19, 358. [Google Scholar] [PubMed]

	



Hausding, M.; Jurk, K.; Daub, S.; Kröller-Schön, S.; Stein, J.; Schwenk, M.; Oelze, M.; Mikhed, Y.; Kerahrodi, J.G.; Kossmann, S.; et al. CD40L contributes to angiotensin II-induced pro-thrombotic state, vascular inflammation, oxidative stress and endothelial dysfunction. Basic Res. Cardiol. 2013, 108, 386. [Google Scholar] [CrossRef] [PubMed]

	



Swirski, F.K.; Nahrendorf, M. Leukocyte behavior in atherosclerosis, myocardial infarction, and heart failure. Science 2013, 339, 161–166. [Google Scholar] [CrossRef] [PubMed]

	



Kock, J.L.F.; Pohl, C.H.; Venter, A. Super-oxidized soups and the health risks to poor South Africans: News an views. S. Afr. J. Sci. 2002, 98, 413–414. [Google Scholar]

	



Jaarin, K.; Masbah, N.; Nordin, S.H. Heated cooking oils and its effect on blood pressure and possible mechanism: A review. Int. J. Clin. Exp. Med. 2016, 9, 626–636. [Google Scholar]

	



Venkata, R.P.; Subramanyam, R. Evaluation of the deleterious health effects of consumption of repeatedly heated vegetable oil. Toxicol. Rep. 2016, 3, 636–643. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Wang, Y.; Jiang, Y.; Diao, Y.; Strappe, P.; Prenzler, P.; Ayton, J.; Blanchard, C. Deep-fried oil consumption in rats impairs glycerolipid metabolism, gut histology and microbiota structure. Lipids Health Dis. 2016, 15, 86. [Google Scholar] [CrossRef] [PubMed]

	



Falade, A.O.; Oboh, G.; Okoh, A.I. Potential Health Implications of the Consumption of Thermally-Oxidized Cooking Oils—A Review. Pol. J. Food Nutr. Sci. 2017, 67, 95–106. [Google Scholar] [CrossRef]

	



Kritchevsky, D.; Tepper, S.A. Cholesterol vehicle in experimental atherosclerosis: Part 9. Comparison of heated corn oil and heated olive oil. J. Atheroscler. Res. 1967, 7, 647–651. [Google Scholar] [CrossRef]

	



Staprãns, I.; Rapp, J.H.; Pan, X.M.; Hardman, D.A.; Feingold, K.R. Oxidized lipids in the diet accelerate the development of fatty streaks in cholesterol-fed rabbits. Atheroscler. Thromb. Vasc. Biol. 1996, 16, 533–538. [Google Scholar] [CrossRef]

	



Staprans, I.; Pan, X.M.; Rapp, J.H.; Feingold, K.R. Oxidized cholesterol in the diet accelerates the development of aortic atherosclerosis in cholesterol-fed rabbits. Atheroscler. Thromb. Vasc. Biol. 1998, 18, 977–983. [Google Scholar] [CrossRef]

	



Odia, O.J.; Ofori, S.; Maduka, O. Palm oil and the heart: A review. World J. Cardiol. 2015, 7, 144. [Google Scholar] [CrossRef] [PubMed]

	



Ong, A.S.H. Nutritional aspects of palm oil: An introductory review. Asia Pac. J. Clin. Nutr. 1994, 3, 201–206. [Google Scholar]

	



Taghvaei, M.; Jafari, S.M. Application and stability of natural antioxidants in edible oils in order to substitute synthetic additives. J. Food Sci. Technol. 2015, 52, 1272–1282. [Google Scholar] [CrossRef] [PubMed]

	



Johari, M.; Kock, J.L.F.; Razali, I.; Pohl, C.H.; Botes, P.J.; Abdullah, A. Palm oil: The solution to over-used oil in South African. Palm Oil Dev. 2005, 43, 1–9. [Google Scholar]

	



Matthäus, B. Use of palm oil for frying in comparison with other high-stability oils. Eur. J. Lipid Sci. Technol. 2007, 109, 400–409. [Google Scholar] [CrossRef]

	



Razali, I. Palm oil products in cooking and frying. In 21st Palm Oil Familiarization Programme; Selected Readings on Palm Oil and Its Uses; Malaysian Palm Oil Board (MPOB): Kuala Lumpur, Malaysia, 2006. [Google Scholar]

	



Fernández-Cedi, L.N.; Enríquez-Fernández, B.E.; Álvarez de la Cadena y Yañez, L.; Sosa-Morales, M.E. Performance of Palm Olein and Soybean Oil During the Frying of French Fries and Its Effect on the Characteristics of the Fried Product. J. Culin. Sci. Technol. 2012, 10, 211–222. [Google Scholar] [CrossRef]

	



Aniołowska, M.; Kita, A. The effect of type of oil and degree of degradation on glycidyl Esters content during the frying of French fries. J. Am. Oil Chem. Soc. 2015, 92, 1621–1631. [Google Scholar] [CrossRef] [PubMed]

	



Sakata, M.; Takahashi, Y.; Sonehara, M. Quality of fried foods with palm oil. J. Am. Oil Chem. Soc. 1985, 62, 449–454. [Google Scholar] [CrossRef]

	



Augustin, M.A.; Lee, K.H.; You, K.T. Comparison of the frying performance of market samples of palm olein, corn oil and soya oil in Malaysia. Pertanika 1987, 10, 295–304. [Google Scholar]

	



Dieffenbacher, A.; Pocklington, W.D. Standard Methods for the Analysis of Oils, Fats and Derivatives of the IUPAC, 7th ed.; Wiley-Blackwell: Oxford, UK, 1992; pp. 1–151. [Google Scholar]

	



Peled, M.; Gutfinger, T.; Letan, A. Effect of water and BHT on stability of cottonseed oil during frying. J. Sci. Food Agric. 1975, 26, 1655–1666. [Google Scholar] [CrossRef]

	



Firestone, D. Official Methods and Recommended Practices of the AOCS; AOCS: Rome, Italy, 2009. [Google Scholar]

	



Alexander, J.C.; Chanin, B.E.; Moran, E.T. Nutritional Effects of Fresh, Laboratory Heated, and Pressure Deep-Fry Fats. J. Food Sci. 1983, 48, 1289–1292. [Google Scholar] [CrossRef]

	



Thompson, L.U.; Aust, R. Lipid changes in French fries and heated oils during commercial deep frying and their nutritional and toxicological implications. Can. Inst. Food Sci. Technol. J. 1983, 16, 246–253. [Google Scholar] [CrossRef]

	



AOCS Official Method Ce 8-89: Determination of Tocopherols and Tocotrienols in Vegetable Oils and Fats by HPLC, 5th ed.; Official Method and Recommended Practices of the American Oil Chemists’ Society; AOCS Press: Champaign, IL, USA, 1997.

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	



Balasundram, N. Palm Polyphenols: Biochemical Characteristics, Antioxidant Activity, and Effects on Lipid Metabolism. Ph.D. Thesis, University of Sydney, Sydney, Australia, 2006. [Google Scholar]

	



Firuzi, O.; Lacanna, A.; Petrucci, R.; Marrosu, G.; Saso, L. Evaluation of the antioxidant activity of flavonoids by “ferric reducing antioxidant power” assay and cyclic voltammetry. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2005, 1721, 174–184. [Google Scholar] [CrossRef] [PubMed]

	



Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal. Biochem. 1996, 239, 70–76. [Google Scholar] [CrossRef] [PubMed]

	



Oil World Report; ISTA, Mielke GmbH: Hamburg, Germany, 2016.

	



Warner, K.; Nelsen, T. AOCS collaborative study on sensory and volatile compound analyses of vegetable oils. J. Am. Oil Chem. Soc. 1996, 73, 157–166. [Google Scholar] [CrossRef]

	



Thakkar, A. Study of Effect of Temperature on Shelf Stability of Soybean-Corn Oil Blends. Int. J. Theor. Appl. Sci. 2014, 6, 14. [Google Scholar]

	



Kaunitz, H. Nutritional aspects of thermally oxidized fats+ oils. In Food Technology; Inst Food Technologists: Chicago, IL, USA, 1967; Volume 21, p. 278. [Google Scholar]

	



Poling, C.E.; Eagle, E.; Rice, E.E.; Durand, A.M.A.; Fisher, M. Long-term responses of rats to heat-treated dietary fats: IV. Weight gains, food and energy efficiencies, longevity and histopathology. Lipids 1970, 5, 128–136. [Google Scholar] [CrossRef] [PubMed]

	



Nolen, G.A.; Alexander, J.C.; Artman, N.R. Long-term rat feeding study with used frying fats. J. Nutr. 1967, 93, 337–348. [Google Scholar] [CrossRef] [PubMed]

	



Gallier, S.; Singh, H. The physical and chemical structure of lipids in relation to digestion and absorption. Lipid Technol. 2012, 24, 271–273. [Google Scholar] [CrossRef]

	



Miller, K.W.; Long, P.H. A 91-day feeding study in rats with heated olestra/vegetable oil blends. Food Chem. Toxicol. 1990, 28, 307–315. [Google Scholar] [CrossRef]

	



Berger, K.G. The Use of Palm Oil in Frying; No. D-1370; Malaysian Palm Oil Promotion Council (MPOPC): Kelana Jaya, Selangor, Malaysia, 2005. [Google Scholar]

	



Hashem, H.A.; Shahat, M.; El-Behairy, S.A.; Sabry, A. Use of palm olein for improving the quality properties and oxidative stability of some vegetable oils during frying process. Middle East J. Appl. Sci. 2017, 7, 68–79. [Google Scholar]

	



Shibata, K.; Onodera, M.; Ashida, H.; Kanazawa, K. Effects of peroxidation products of linoleic acid on tryptophan-nicotinamide metabolism in rats. Biosci. Biotechnol. Biochem. 1992, 56, 1270–1274. [Google Scholar] [CrossRef]

	



Nwanguma, B.C.; Achebe, A.C.; Ezeanyika, L.U.S.; Eze, L.C. Toxicity of oxidized fats II: Tissue levels of lipid peroxides in rats fed a thermally oxidized corn oil diet. Food Chem. Toxicol. 1999, 37, 413–416. [Google Scholar] [CrossRef]

	



Mesembe, O.E.; Ibanga, I.; Osim, E.E. The effects of fresh and thermoxidized palm oil diets on some haematological indices in the rat. Niger. J. Physiol. Sci. 2004, 19, 86–91. [Google Scholar] [CrossRef]

	



Falade, A.O.; Oboh, G.; Ademiluyi, A.O.; Odubanjo, O.V. Consumption of thermally oxidized palm oil diets alters biochemical indices in rats. Beni-Suef Univ. J. Basic Appl. Sci. 2015, 4, 150–156. [Google Scholar] [CrossRef][Green Version]

	



Idris, C.A.C.; Karupaiah, T.; Sundram, K.; Tan, Y.A.; Balasundram, N.; Leow, S.S.; Nasruddin, N.S.; Sambanthamurthi, R. Oil palm phenolics and vitamin E reduce atherosclerosis in rabbits. J. Funct. Foods 2014, 7, 541–550. [Google Scholar] [CrossRef][Green Version]

	



Jiménez-Escrig, A.; Dragsted, L.O.; Daneshvar, B.; Pulido, R.; Saura-Calixto, F. In vitro antioxidant activities of edible artichoke (Cynara scolymus L.) and effect on biomarkers of antioxidants in rats. J. Agric. Food Chem. 2003, 51, 5540–5545. [Google Scholar] [CrossRef] [PubMed]

	



Pisoschi, A.M.; Negulescu, G.P. Methods for total antioxidant activity determination: A review. Biochem. Anal. Biochem. 2011, 1, 106. [Google Scholar] [CrossRef]








[image: Nutrients 10 01527 g001 550] 





Figure 1. Total cholesterol (TC), triglycerides (TG), high-density lipoproteins (HDL-C), and low-density lipoproteins levels (LDL-C) of rabbits in the four dietary groups. Values are presented in means ± SD and means with similar letters differ significantly (p < 0.05). Heated palm olein (HPO); heated palm olein with added dietary cholesterol (HPOC); heated corn oil (HCO); heated corn oil with added dietary cholesterol (HCOC). Similar letters differ significantly. 
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Figure 2. ABTS (2,2′-azinobis (3-ethylbenzothiazoline) 6-sulfonic acid radical cation) and ferric reducing ability of plasma (FRAP) levels of rabbits in the four dietary groups. Values are presented in means ± SD and means with similar letters differ significantly (p < 0.05). Similar letters differ significantly. 
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Figure 3. Percentage of fibrous plaques, fatty plaques and fatty streaks in the aortas of rabbits in the four dietary groups. Values are presented in means ± SD and means with similar letters differ significantly (p < 0.05). Similar letters differ significantly. 
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Figure 4. Photographs of aortic lesions in rabbits fed diet with and without added dietary cholesterol in different groups (A) HPO, (B) HPOC, (C) HCO, and (D) HCOC. Development of atherosclerosis is shown as (I) fibrous plaques, (II) fatty plaques, and (III) fatty streaks. 
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Table 1. Experimental diet formulation.
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Ingredients

	
g/kg Diet




	

	
HPO/HCO

	
HPOC/HCOC






	
Casein

	
250.0

	
250.0




	
Corn starch

	
200.0

	
200.0




	
Dextrose

	
192.5

	
192.5




	
Cellulose

	
152.0

	
151.0




	
Mineral Mix

	
40.0

	
40.0




	
Vitamin Mix

	
10.0

	
10.0




	
Choline Bitartrate

	
2.5

	
2.5




	
dl-Methionine

	
3.0

	
3.0




	
Cholesterol

	
-

	
1.0




	
Dietary Fat

	
150.0

	
150.0








Heated palm olein (HPO); heated palm olein with added dietary cholesterol (HPOC); heated corn oil (HCO); heated corn oil with added dietary cholesterol (HCOC).
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Table 2. Effect of heat treatment on the dietary oils used in the experimental diets.
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	Sample
	Polar Compound (%)
	Polymer Compound (%)
	Free Fatty Acids (%)
	Induction Period (110 °C, h)





	Unheated Palm Olein
	6.79
	1.19
	0.04
	ND



	Heated Palm Olein
	16.50
	1.23
	0.76
	5.75



	Unheated Corn Oil
	3.59
	1.49
	0.07
	ND



	Heated Corn Oil
	15.55
	1.72
	0.36
	1.85







ND: Not determined.
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Table 3. Percentage distribution of major fatty acids (%) in the unheated and heated oils.
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	Sample
	12:0
	14:0
	16:0
	18:0
	18:1
	18:2
	18:3





	Unheated Palm Olein
	0.51
	0.91
	37.88
	3.35
	46.11
	10.86
	0.08



	Heated Palm Olein
	-
	0.75
	41.06
	3.11
	45.76
	8.97
	-



	Unheated Corn Oil
	-
	0.04
	7.05
	2.76
	31.41
	61.19
	0.11



	Heated Corn Oil
	-
	-
	7.64
	2.32
	28.85
	57.47
	-
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Table 4. Tocol contents of unheated and heated palm olein and corn oil.
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	Sample
	α-t (ppm)
	α-t3 (ppm)
	β-t (ppm)
	γ-t (ppm)
	γ-t3 (ppm)
	δ-t (ppm)
	δ-t3 (ppm)
	Total (ppm)





	Unheated Palm Olein
	200.86
	204.72
	12.19
	18.54
	329.10
	0.76
	126.46
	892.63



	Heated Palm Olein
	23.20
	15.22
	9.43
	12.23
	30.43
	0.47
	39.70
	139.68



	Unheated Corn Oil
	309.60
	0.00
	21.29
	98.06
	13.45
	9.95
	0.00
	452.35



	Heated Corn Oil
	95.56
	0.00
	18.31
	69.03
	10.81
	9.71
	0.00
	204.42







α-t, alpha-tocopherol; α-t3, alpha-tocotrienol; β-t, beta-tocopherol; γ-t, gamma-tocopherol; γ-t3, gamma-tocotrienol; δ-t, delta-tocopherol; δ-t3, delta-tocotrienol; ppm, part per million.
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Table 5. Final weight change; liver and heart weights; and ALT levels of rabbits in the four dietary groups.
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	Dietary Groups
	HPO

n = 5
	HCO

n = 5
	HPOC

n = 5
	HCOC

n = 5





	Initial body weight (g)
	2054.81 ± 270.70
	2000.28 ± 257.98
	2071.52 ± 296.20
	2079.78 ± 260.42



	Final body weight (g)
	2157.20 ± 291.71 a,b,c
	1681.50 ± 323.02 a,d
	2045.26 ± 238.78 b,d,e
	1906.98 ± 150.64 c,e



	Final weight change (g)
	90.27 ± 99.82 a,b,c
	−323.14 ± 34.66 a,d
	−37.10 ± 86.92 b,d,e
	−275.37 ± 138.92 c,e



	Liver weight (g)
	40.66 ± 8.59 a,b
	30.72 ± 3.42 a,c
	44.02 ± 4.82 c,d
	31.35 ± 5.15 b,d



	Heart weight (g)
	4.10 ± 0.78
	3.24 ± 0.45
	3.87 ± 0.52
	3.35 ± 0.55



	ALT (IU/L)
	58.14 ± 48.56
	48.99 ± 24.71
	37.78 ± 14.62
	38.49 ± 28.22







Values are means ± SD. a–e Values within a horizontal row and with similar superscripts differ at p < 0.05. n = number of animals; heated palm olein (HPO); heated palm olein with added dietary cholesterol (HPOC); heated corn oil (HCO); heated corn oil with added dietary cholesterol (HCOC); alanine transaminase (ALT).
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