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ABSTRACT

	 Repeatedly heated cooking oil was reported to have potential detrimental effect on health. 
Studies have shown that repeatedly heated cooking oil undergoes thermal oxidation which generates 
reactive oxygen species that contributes to the occurrence of vascular inflammation and dysfunction. 
These vascular changes lead to multiple health problems such as hypertension, dyslipidemia, 
atherosclerosis, osteoporosis, as well as kidneys and liver abnormality. Apart from the reactive 
oxygen species, such abnormality might be due to the reduction of natural antioxidants in the oil with 
repeated heating. Therefore, there is an inherent need to further explore the individual antioxidants 
which exert cardiovascular protective effects, particularly via its effects on blood pressure, blood lipid 
profiles as well as cardiovascular structures. Therefore, this review was undertaken to ascertain if 
the detrimental effects of heated oil can be reduced by the administration of antioxidants, particularly 
polyphenols - which are the main focus of this article. 
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INTRODUCTION

	 Repeatedly heated oil undergoes thermal 
oxidation which generates reactive oxygen species 
that are detrimental to health. Studies have shown 
that heated oil induces vascular inflammation and 
dysfunction (Ng et al. 2012) which have been 
inflicted in the occurrence of hypertension (Jaarin, 
Mustafa, and Leong 2011; X.F. Leong et al. 2010). 
The detrimental effect of heated oil on health is 
partly due to stress oxidative process that generates 
reactive oxygen species following the  destruction 
of antioxidants, particularly vitamin E,  that occurs 
with repeated heating (Adam et al. 2007). Reactive 
oxygen species has been reported to play an 

important role in the pathogenesis of osteoporosis 
(Shuid et al. 2007), as well as liver (Jaarin et al. 2009) 
and kidney  abnormalities (Kamisah et al. 2016). 

	 Given that oxidative stress plays an 
integral part in the pathogenesis of heated oil-
induced cardiovascular detrimental effects, it is a 
reasonable assumption that antioxidant therapy 
would be effective against this condition. Among 
various antioxidants, the effects of polyphenols 
on hypertension and atherosclerosis have been 
extensively studied. Although the consensus 
regarding the therapeutic benefits of polyphenols 
is still unclear (partly due to heterogeneity in 
polyphenols subclasses as well as the study 
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approach), their potential vascular protective effect 
shown by many studies are promising. In general, the 
vascular protective effects demonstrated in several 
in vivo studies could be summarized as reduction 
in oxidative stress (de Souza et al. 2010; Natsume 
and Baba 2013; Scoditti et al. 2012), vascular 
inflammation (Scoditti et al. 2012; Mukai and Sato 
2011) and improvement in endothelial function 
(Widmer et al. 2013; da Costa et al. 2012).

	 The role of polyphenols as an antioxidant 
in food chemistry has been widely established 
(Quiles et al. 2002; Romano et al. 2013). Therefore, 
in recent years, polyphenols have been enriched 
into edible oils to prevent oxidative deterioration of 
the oil. However, their biological effects to human 
health, specifically in heated vegetable oil-induced 
cardiovascular diseases still requires appraisal. 
Therefore, this review was undertaken to evaluate 
if the cardiovascular detrimental effects produced 
by heated oil - in particular blood pressure, 
dyslipidaemia and vascular damage can be improved 
or attenuated by the administration of antioxidants. 
However, due to limited data available for other 
antioxidants with regards to heated oil-induced 
cardiovascular effects, this review therefore focused 
primarily on polyphenols.

METHODOLOGY

	 The literature search was divided into three 
sections; the first section focused on hypertension, 
the second section concentrated on blood lipid 
profiles, while the third section highlighted mainly 
on cardiovascular structures. 
	
	 For subheading 1, Ovid Medline and 
Scopus databases were used for articles collection. 
The search strategy involved a combination of the 
following sets of keywords (1) heated OR therm* OR 
oxidized OR oxidized AND (2) vegetable oil* AND 
(3) hypertens* OR blood pressure OR vascular OR 
endotheli* AND (4) polyphenols OR flavonoids. 

	 For subheading 2, Ovid Medline and 
Scopus database were used for articles collection. 
The search strategy involved a combination of 
the following keywords (1) heated OR therm* OR 
oxidized OR oxidized AND (2) vegetable oil* AND (3) 

fatty acids OR dyslipidemia OR hypercholesterolemia 
AND (4) polyphenols OR flavonoids OR vitamin E. 

	 For subheading 3, Ebscohost and 
Springerlink database were used for articles 
collection. The search strategy involved a combination 
of the following keywords (1) heated OR therm* OR 
oxidized OR oxidized AND (2) vegetable oil* AND (3) 
cardiotoxicity OR morphology AND (4) antioxidants 
OR polyphenols.

Effect of heated vegetable oil on blood pressure
	 The first study which described the 
detrimental effects of oxidised vegetable oil on 
blood pressure (Osim, Owu, and Etta 1996) has 
reported that chronic consumption of diet that 
contained 15% fresh or oxidised palm oil in animals 
increased the mean arterial blood pressure and 
plasma lipid profile compared to the respective 
control and fresh oil groups. The deleterious 
effect of thermal-oxidised oil on blood pressure in 
human was further demonstrated by Soriguer et 
al. (Soriguer et al. 2003). Leong et al. (X.F. Leong 
et al. 2010) and Jaarin et al. (Jaarin, Mustafa, and 
Leong 2011) reported that rats fed with once-, twice, 
five-times, and ten-time heated palm oil increased 
blood pressure significantly at the end of the study. 
The percentage increase in blood pressure (BP) 
was 5.9%, 23.8%, 24.7%, 25.3%, respectively.  The 
same studies reported that heated once, twice, five-
times, and ten-times heated soy oil increased BP 
with percentage increases of 17.5%, 22.2%, 25.6% 
and 30.7%, respectively.  Heated virgin coconut oil 
(VCO) (Hamsi et al. 2015) and corn oil (Srijit et al. 
2017 in press) have also been shown to increase BP. 
However, the magnitude of blood pressure raising 
effect of corn oil was smaller compared to soy oil 
despite of both being unsaturated oil (Srijit et al. 2017 
in press). However, the reason for this was not clear. 

	 Although the blood pressure raising 
effect of heated oil was reported previously, 
unfortunately, there are still gaps in understanding 
the possible mechanisms on blood pressure-
raising effect of heated vegetable oil. Currently, few 
studies have reported the possible mechanism of 
heated oil induced hypertension. Several studies 
suggested that heated oil increased vascular 
reactivity as it caused significant augmentation of 
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vasoconstriction response to phenylephrine and 
significant attenuation of vasorelaxation response to 
acetylcholine and sodium nitroprusside (X.F. Leong 
et al. 2010, 2009). Blood pressure is controlled by 
vascular endothelium that releases vasodilators 
such as nitric oxide (NO), prostacyclin (PGI2), and 
vasoconstrictors including thromboxane A2 (TXA2) 
and endothelin-1 (ET-1). It was suggested that a 
disturbance in the production of vasodilators and 
vasoconstrictors may be attributable to the impaired 
vasorelaxation and high blood pressure induced by 
heated oil (X.F. Leong et al. 2009, 2010, 2013). It 
was reported that heated oil reduced nitrites level 
(X.F. Leong et al. 2010) and altered thromboxane 
and prostacyclin production (Ng et al. 2012). Based 
on these findings, therefore, it was postulated that 
the lipid peroxidation products present in the heated 
oil might be the culprit for the increased risk of high 
blood pressure. The blood pressure raising effect 
of chronic consumption of thermal-oxidised oils is 
likely due to vascular inflammation which in turn 
causes vascular dysfunction. This further leads to 
an imbalance in the release of vasodilators and 
vasoconstrictors substances that control vascular 
reactivity and resistance (Jaarin, Masbah, and 
Nordin 2016). 

Polyphenols and heated oil-induced hypertension
	 Endothelial dysfunction and vascular 
inflammation both augment each other in the 
pathogenesis of heated oil-induced hypertension; 
which is evident via dysregulation in vasoactive 
mediators, inflammatory mediators as well 
as mechanical function of the vessel (Jaarin, 
Masbah, and Nordin 2016). Polyphenols have been 
proven beneficial to vascular function in terms of 
improvement in blood pressure-regulating enzymes 
and mediators. It was reported that administration 
of virgin coconut oil (VCO) in a dose of 1.42ml/kg 
per day in rats (equivalent to 210 mg/kg per day in 
human dose) improved plasma level of nitric oxide 
in five-time heated palm oil treated groups. VCO 
is known to be one of the polyphenol-rich natural 
antioxidant. The antioxidant activity of VCO has 
been reported previously (Marina et al. 2009). Total 
phenolic content of VCO is estimated to be about 84 
mg/100 g oil (Arunima and Rajamohan 2012). The 
most abundance antioxidants in VCO are phenolic 
acids comprising of protacatechuic, vanillic, caffeic, 
syringic, ferulic and p-coumaric acids (Marina et al. 

2009).  In another study, polyphenol was reported to 
be able to activate endothelial nitric oxide synthase 
(eNOS) therefore improves nitric oxide (NO) 
production (da Costa et al. 2012). 

	 Thromboxane A2 (TXA2) and prostacyclin 
which are produced by the vascular endothelial 
cells are important mediators in the pathogenesis 
of heated-oil induced vascular dysfunction and 
inflammation.  An increase in plasma thromboxane 
A2 with a reduction in prostacyclin levels due to 
prolonged intake of heated vegetable oil has been 
reported in previous studies (Ng et al. 2012; Siti et 
al. 2017). Flavonoid was  also reported to inhibit 
cyclooxygenase-1 and cyclooxygenase-2 enzymes 
as well as thromboxane A2 synthase (Jin et al. 2007; 
Sakata et al. 2003; O’Leary et al. 2004).

	 Although many studies reported oxidative 
stress is associated with an increase in Angiotensin 
II levels, limited studies are available to highlight 
the specific effects of heated vegetable oil on 
the regulation of renin-angiotensin-aldosterone 
system. To the best of our knowledge, prolonged 
consumption of repeatedly heated palm oil of at 
least four months duration has the potential to cause 
elevated levels of Angiotensin Converting Enzyme 
(ACE) activity (X.F. Leong et al. 2013; Siti et al. 2017). 
However, in contrast, a shorter animal study lasting 
for a period of ten weeks has reported otherwise (Yen 
et al. 2010). In another study, consumption of heated 
palm oil has been shown to increase blood pressure 
with associated reduced glomerular filtration rate and 
renal blood flow (Beshel, Antai, and Osim 2014).  
Evidently, more studies looking into the effects of 
heated vegetable oil on the regulation of renin-
angiotensin system and renovascular hypertension 
are needed in order to fill in the gaps of our current 
understanding. In addition, it was reported that 
flavonoid-rich citrus leaves extract had the ability to 
inhibit ACE activity in heated vegetable oil-induced 
hypertensive rats (Siti et al. 2017). Moreover, many 
studies have consistently shown that flavonoids were 
able to inhibit ACE activity (Lee, Lai, and Wu 2015; 
W. W ang et al. 2014; Oboh et al. 2015).

	 With regards to vascular function, 
studies have shown that heated oil augmented 
vasoconstriction response to phenylephrine while 
reducing vasorelaxation response to acetylcholine 
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and sodium nitroprusside (X.F. Leong et al. 2009; 
Nurul-Iman et al. 2013; Siti et al. 2017 ). This 
impairment in vascular relaxation could be due to the 
imbalance in vasoactive mediators and enzymes as 
previously explained which favors vasoconstriction 
against vasodilation. Although heated vegetable oil 
has diminished polyphenols content (Andrikopoulos 
et al. 2002),  phenolic acids namely caffeic acid, 
protocatechuic acid and p-hydroxybenzoic acid 
which were isolated from a recovery procedure for 
oil palm phenolics (OPP) were shown to promote 
vascular relaxation in both aortic rings and perfused 
mesenteric vascular beds pre-contracted with 
noradrenaline (Sambanthamurthi et al. 2011). 
Linking these studies together, it supports the 
theory that polyphenols supplementation may 
improve vascular dysfunction which was previously 
induced by heated vegetable oil. Later studies have 
also proven that polyphenol-rich VCO attenuated 
vasoconstriction response to phenylephrine in aortic 
rings of heated vegetable oil-induced hypertensive 
rats (Nurul-Iman et al. 2013). In line with this findings, 
flavonoid-rich citrus leaves extract also showed 
reduction in vasoconstriction response in aortic 
rings that were pre-contracted with phenylephrine, 
although insignificant improvements were seen 
in both endothelium-dependent and endothelium-
independent vasorelaxation processes (Siti et al. 
2017). Meanwhile, a human study reported that the 
intake of polyphenol-rich olive oil daily for at least 

four months improved endothelial function of early 
atherosclerotic patients (Widmer et al. 2013).  Based 
on these findings, it is clear that the heterogeneity of 
polyphenols subclasses possess different vascular 
relaxation potencies (Loke et al. 2010).

	 The effects of polyphenols on blood 
pressure were already reported in previous studies 
(Gao et al. 2016). Although it is proven that the higher 
amounts of phenolic compounds showed  higher 
resistance to oxidation (Quiles et al. 2002), it is 
questionable that the blood pressure-lowering effects 
observed in heated oil-induced hypertension is solely 
attributable to the anti-oxidative properties of the 
polyphenols. This can be explained by the fact that 
phenolic compounds have quite a low bioavailability 
profile and are highly metabolised (Morand et 
al. 2011). The emerging idea is that phenolic 
compounds may interact with multiple molecular 
target and signalling pathways in endothelial cells. 
It is also hypothesised that phenolic compounds 
are able to induce endogenous antioxidant defence 
mechanisms, therefore indirectly protecting against 
oxidative stress (Goszcz et al. 2015). 

	 ADD-X, a polyphenol-rich oil additive 
has been proven to exert positive effects on blood 
pressure in rats that were fed heated vegetable oil 
(Sukalingam et al. 2016b). This study reported that 

Table 1: Findings on the fatty acids composition and 
the effects of heated vegetable oil on lipid profiles

		
	 LDL-C	 HDL-C	 Total-C	 TG
SFA	 ↑	 ↓	 ↑	 ↑
cis-PUFA	 ↓	 ↑	 ↓	 ↓
cis-MUFA	 ↓	 ↑	 ↓	 ↓]
trans-MUFA	 ↑	 ↓/ ≈	 NA	 NA
Heated vegetable oil				  
Isong et al. 	 ↑	 ↑	 ↑	 ↑
Adam et al. 	 ↑	 ↓	 ↑	 ↑
Awney et al.	 ↑	 ↓	 ↑	 NA
El-Deen & Eid	 ↑	 ↓	 ↑	 ↑
Rueda-Clausen et al.	 ≈	 ≈	 ≈	 ↑

Symbols: ↑ increase, ↓ decrease, ≈ no changes. Abbreviations; NA data 
not available 	(Source: Mensink et al. 2003; Mensink and Katan 1992; 
Ooi et al. 2015 (Mensink et al. 2003; Mensink and Katan 1992; Ooi et 
al. 2015)
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ten times heated palm oil (10HPO) and five times 
heated palm oil (5HPO) increased blood pressure 
in ovariectomized (post-menopausal model) rats, 
with associated increase in thiobarbituric acid 
reactive substances (TBARS) and significant 
reduction in antioxidant enzymes such as catalase 
(CAT), superoxide dismutase (SOD) and reduced-
glutathione (GSH).  Addition of this polyphenol-
rich ADD-X to the heated oil significantly reduced 
TBARS, increased antioxidant enzymes and at the 
same time decreased the blood pressure-raising 
effect of heated oil. A study by (Siti et al. 2017) shows 
that flavonoid-rich citrus leaves extract  was able 
to reduce TBARS while simultaneously increasing 
serum heme oxygenase-1 (HO-1) levels which is an 
enzyme that possesses both vasodilator as well as 
anti-oxidative property. 

Heated oil and its effect on blood lipid profiles
	 While increased concentrations of high 
density lipoprotein-cholesterol (HDL-C) lowers 
the risk of coronary artery disease (CAD), high 
plasma low density lipoprotein-cholesterol (LDL-C) 
concentrations are known to be atherogenic 

(Després et al. 2001). This is due to the fact that 
LDL-C have the ability to penetrate into arterial 
tissues more readily and are also more susceptible 
to oxidative modification (Pal et al. 2003). In 
addition to individual lipoprotein or total cholesterol 
concentrations, the ratio of total cholesterol to HDL 
cholesterol is considered more crucial in predicting 
the risk of CAD (Mensink et al. 2003). Although less 
emphasis is placed on triglyceride (TG) levels in the 
assessment of CAD risk (Després et al. 2001), high 
levels of TG in very low density lipoprotein (VLDL) 
and low levels of HDL-C are typically seen in obesity; 
which is known to further increase CAD risk (Ebbert 
and Jensen 2013).

	 Findings from studies investigating 
the effects of heated oil on lipid profile were not 
consistent, as these studies reported diverse 
outcomes. A few studies reported quite similar 
outcomes in general, focusing mainly on the levels 
of total cholesterol, LDL and HDL cholesterol. The 
first study  (Adam et al. 2008) observed the effects 
of heated soybean oil on serum lipid profile in 
oestrogen-deficient Sprague-Dawley rats.  It was 

Fig. 1: Proposed mechanisms by which heated vegetable oil, via the alteration in fatty acids 
composition, lipid peroxidation product and/or oxidative stress and excess of FFA may induces 
dyslipidemia. Arrow indicate induce. Symbol: ↑ increase; ↓ decrease;    possible site of action 

by which antioxidants may interfere in the pathway. Abbreviations: ACAT, Acyl coenzyme 
A:cholesterol acyltransferase; CYP7A1, Cholesterol 7 alpha-hydroxylase; SREBP, sterol 

regulatory element-binding proteins; PPAR, peroxisome proliferator-activated receptors; LXR, 
liver X receptor
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reported that heated soy oil increased serum total 
cholesterol, LDL-cholesterol and triacylglyceride  
while simultaneously reducing HDL-C levels after 
four-months of experiment (Adam et al. 2008). 
Similarly, another study (Awney 2011) also observed 
that the male rats fed with thermally oxidised soybean 
oil  had elevated total cholesterol and LDL levels with 
a reduction in HDL levels. Similarly, a separate study 
(El-Deen and Eid 2010) also revealed that rats fed 
with  15% weight/weight (w/w) heated sunflower 
oil led to a significant increase in their levels of 
cholesterol, triacylglycerides, LDL-cholesterol and 
very low density lipoprotein (VLDL) cholesterol with 
a decrease in HDL lipoprotein levels.  In addition, 
total cholesterol and the esterified cholesterol 
concentrations in HDL and LDL were significantly 
higher in repeatedly heated sunflower oil-fed rats. 
In contrast, Isong et al. (1996) (Isong et al. 1996) 
which studied the effect of thermal-oxidised palm 
oil for six months in female and male rats has found 
that thermal-oxidised oil increases all fat contents of 

the animal. A human study also reported different 
outcomes, in that the intake of meal containing deep-
fried palm, soybean or olive oils caused a significant 
elevation in serum triacylglycerides but no changes 
in total cholesterol, LDL-cholesterol and HDL-
cholesterol in healthy men (Rueda-Clausen et al. 
2007). Overall, results from these studies suggested 
that repeated heating of oil resulted in dyslipidaemic 
changes in blood profiles. However, the precise 
mechanism by which heated oil cause detrimental 
effect on lipid profile was poorly understood. 

	 Besides the fact that thermally-oxidised 
vegetable oil contains lipid peroxidation products 
which plays an important role in the pathogenesis 
of dyslipidemia (Adam et al. 2008), fatty acids 
content in heated oil also contributes to the changes 
in lipid profiles seen in experimental animals or 
human subjects. Thermally oxidized oil contains low 
concentrations of unsaturated fatty acids especially 
n-3 and n-6 essential fatty acids,  however its 

Table 2: Mechanisms by which dietary fatty acids and lipid 
peroxidation regulate apolipoprotein levels

	 Mechanism	 References

SFA	 ↓LDL receptor	 Mustad et al.1996 (Mustad et al. 1996); 
	 ↑ApoA-1	 Fernandez and West 2005 (Fernandez and West 2005);
	 Supress ACAT activity	 Georgiadi & Kersten 2012 (Georgiadi and Kersten 2012)
	 ↓ PPAR±	
PUFA	 ↑LDL receptor	 Ooi et al. 2015 (Ooi et al. 2015); 
	 ↑/No changes in ApoA-1	 Mustad et al. 1996 (Mustad et al. 1996); 
	 ↓ApoB-100	 Georgiadi & Kersten 2012 (Georgiadi and Kersten 2012); 
	 ↑ CYP7A activity	 Fernandez & West 2005 (Fernandez and West 2005); 
	 ↑ PPAR±	 Shimomura et al. 1999 (Shimomura et al. 1999)
	 ↓ SREBP1c	
	 ↑ LXR	
trans FA	 ↓LDL receptor	 Matthan et al. 2004 (Matthan et al. 2004)
	 ↓ApoA-1	
	 ↑Apo B-100	
Lipid 	 Modify ApoA-1 therefore 	 Eren et al. 2012 (Eren, Yilmaz, and Aydin 2012); 
peroxidation 	 render HDL dysfunction	 Brown et al. 2013 (Brown et al. 2013)
product

Symbol; ↑ increase, ↓ decrease. Abbreviations: SFA saturated fatty acids; PUFA polyunsaturated fatty 
acids; FA fatty acids, LDL low density lipoprotein; HDL high density lipoprotein; ApoA apolipoprotein A; 
ApoB apolipoprotein B; ACAT Acyl coenzyme A:cholesterol acyltransferase; PPAR± peroxisome proliferator-
activated receptor gamma; CYP7A cholesterol 7alpha-hydroxylase, SREBP1c sterol regulatory element 
binding protein 1c; LXR liver X receptor		
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Table 3: The mechanism of actions of antioxidants on dyslipidaemia

Antioxidant	 Findings	 Reference

Flavonoids	 Reduced hepatic HMGCOA, 	 Bocco et al. 2016 (Bocco et al. 2016); 
	 ACAT, increased LDL receptor, reduced 	 Fukuchi et al. 2008 (Fukuchi et al. 2008); 
	 ApoB100 secretion, prevent LDL oxidation	 Pal et al. 2003 (Pal et al. 2003); 
		  Vazquez-Velasco et al. 2011 
		  (Vázquez-Velasco et al. 2011). 	
Vitamin E	 Increased hepatic LDL receptor	 Chen & Cheng 2006 (Chen and Cheng 2006);
	 Reduced hepatic HMGCoA reductase,	 (Farbstein, Kozak-Blickstein, and Levy 2010)
	 increased CYP7A; prevent LDL oxidation.
	
Abbreviations: LDL Low density lipoprotein; Apolipoprotein (Apo) B100; CYP7A cholesterol 7alpha-
hydroxylase; ACAT Acyl coenzyme A:cholesterol acyltransferase, HMGCOA 3-hydroxy-3-methyl-glutaryl-
coenzyme (HMGCO) A

saturated fatty acids (SFA) and trans-fatty acids 
contents are considerably high (Serjouie et al. 2010). 
In general, SFA and trans fatty acids are considered 
to be hypercholesterolaemic, as both contribute 
to the rise in LDL-C concentrations. On the other 
hand, poly-unsaturated fatty acids (PUFAs) family 
tend to decrease plasma LDL-C and triglycerides 
respectively (Mensink et al. 2003). However, reports 
on the effects of heated vegetable oil on plasma 
free fatty acids (FFA) levels are still inconsistent. For 
example, Williams et al. (1999) has investigated the 
effects of food containing high amounts of reused 
vegetable oil on plasma lipids and free fatty acids 
in healthy human subjects (Williams et al. 1999). 
This study showed that food that are rich in reused 
vegetable oil caused a significant post-prandial 
increase in serum triacylglycerides, without altering 
plasma cholesterol, lipoprotein and free fatty acid 
levels. Meanwhile, heated PUFA was shown to 
elevate plasma FFA and triglyceride (Rukkumani, 
Balasubashini, and Menon 2003).  

	 Based on these studies, it is possible that 
heated oil-mediated dyslipidemia arise via several 
mechanisms: (1) through alteration of dietary fatty 
acids composition in heated vegetable oil, (2) due 
to lipid peroxidation products of thermally-oxidised 
oil and (3) due to excess levels of FFA that are 
associated with heated vegetable oil. Table 1 
summarises the fatty acids compositions based on 
individual lipid profiles, and the effects of heated 
vegetable oil on these lipids based on meta-analysis 
and previous studies.  Table 2 highlights the possible 

mechanisms by which dietary fatty acids and lipid 
peroxidation may regulate apolipoprotein level.

Heated oil-induced dyslipidaemia: Mechanisms, 
possibilities and future directions
	 It is indeed challenging to postulate the 
possible molecular mechanisms through which 
heated vegetable oil may alter lipid profiles; because 
of the complexity of the lipid regulation pathway 
itself. Moreover, to date, most studies on heated oil-
induced dyslipidaemia are observational in nature 
and therefore less mechanistic. However, among 
the available studies, those focusing on the role of 
peroxisome proliferator-activated receptor (PPAR) 
pathway in heated oil-induced dyslipidaemia are 
perhaps the most anticipated. This is because of its 
interaction with other lipid-related pathways, such as 
the nuclear factor kB (NFkB) inflammatory pathway 
as well as nuclear factor E2-related factor 2 (NRF2) 
mediated pathway. Indeed, thermally oxidized oil 
was proven to upregulate the expression of PPARá 
signalling pathway and its downstream gene Acyl-
CoA Oxidase and  cytochrome P450 A1 (CYP4A1) 
gene (Chao et al. 2001). This study also suggested 
that the increased gene expression further enhanced 
hepatic fatty acids â-oxidation and reduced liver 
triglyceride level. Another study by Sulzle et al. 
2004 has shown that dietary oxidised fats led to 
an activation of the liver PPARá gene expression 
in rats, irrespective of their dietary á-tocopherol 
concentration supplementation (Sülzle, Hirche, and 
Eder 2004). 
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	 PPARá is a ligand-activated transcription 
factor which controls a set of genes regulating  lipid 
catabolism (Rueda-Clausen et al. 2007). PPARá 
is a ligand for both SFA and PUFA with higher 
affinity for PUFA, thus reiterating the hypolipidaemic 
effects of dietary PUFA (Georgiadi and Kersten 
2012). PPARá upregulate adenosine triphosphate-
binding cassette sub-family A member 1 (ABCA1) 
expression by inducing liver X receptor á (LXRá), 
promoting cholesterol efflux to apolipoprotein 
A1 (ApoA1) to form HDL (Zhou et al. 2015). 
PPARá activation also stimulate the transcription 
of lipoprotein lipase (LPL) gene. LPL enzymes 
hydrolyses triglyceride (TG) component of VLDL 
and chylomicron therefore releasing FFA and 
reduces plasma TG concentrations. The released 
free fatty acids are subsequently oxidised via 
â-oxidation pathway. In fact, PPARá activation also 
enhanced â-oxidation (Hihi, Michalik, and Wahli 
2002). Therefore, PPARá activation may lower both 
the triglyceride and VLDL levels via enhancing 
catabolism of TG-rich lipoproteins as well as 
resulting in a concomitant increase in the uptake and 
metabolism of the released fatty acids (Schoonjans, 
Staels, and Auwerx 1996). In contrast to PPARá, 
sterol regulatory element-binding proteins (SREBP) 
gene is an important determinant of lipogenesis. In 
general, SREBPs stimulate the expression of many 
other genes involved in the synthesis of cholesterol, 
fatty acids, triglycerides and phospholipids. Dietary 
PUFA suppress the expression of SREBP especially 
the isoform SREBP-1 (Georgiadi and Kersten 2012). 

	 As previously mentioned, apart from 
modulation of gene expression that is involved in lipid 
metabolism, the concentration of LDL in circulation 
is determined by the presence of  LDL receptors, 
ApoB availability and the secretion of VLDL 
(Fernandez and West 2005) which is the precursor 
of LDL (Izzat, Deshazer, and Loose-Mitchell 2000). 
Furthermore, the secretion of VLDL is influenced by 
ApoB availability in the liver as well as the activities 
of lipid regulatory enzymes such as Acyl coenzyme 
A:cholesterol acyltransferase (ACAT), 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMGCOA) reductase 
and cholesterol 7alpha-hydroxylase (CYP7A) 
(Fernandez and West 2005). ACAT is an intracellular 
enzyme that catalyzes the formation of cholesteryl 
esters from cholesterol and long chain fatty acids. 
The ACAT-derived cholesteryl esters are contained 

in VLDL remnants and also LDL.  In addition, hepatic 
ACAT activity was significantly correlated with 
ApoB production whereby the inhibition of ACAT 
resulted in a  decrease in both VLDL and LDL apoB 
concentrations (Burnett et al. 1999). Consumption 
of trans fatty acids reduced the catabolism of LDL 
apoB while enhancing the catabolism of ApoA-1 
which was associated with increased total and LDL 
cholesterol levels while simultaneously reducing HDL 
concentrations (Matthan et al. 2004). Meanwhile, 
lipid peroxidation products such as peroxyl radicals, 
hydroxyl radicals and aldehydes modify ApoA-1 
therefore resulting in HDL dysfunction (Eren, Yilmaz, 
and Aydin 2012). Reactive aldehydes were also 
reported to cause ApoA1 glycation thereby altering  
the affinity of phospholipids (Brown et al. 2013).

	 In addition, accumulation of hepatic free 
cholesterol is prevented by a decrease in HMG-
CoA reductase activity and increases in cholesterol 
7á-hydroxylase (CYP7) activity (Izzat, Deshazer, and 
Loose-Mitchell 2000). Meanwhile, the expression 
of CYP7 is induced by LXRá. Therefore, PUFA 
may induce LXRá which further upregulate CYP7, 
thereby facilitate the conversion of cholesterol to bile 
acids thus irreversibly eliminate excess cholesterol 
(Fernandez and West 2005).
  	
	 It is quite possible that lipid peroxidation 
and oxidative stress releases more fatty acids from 
their triacylglycerol anchorage (North, Spector, and 
Buettner 1994). In such an event, an elevation of 
free fatty acids after the intake of oxidised oil could 
therefore affect lipid profile. Indeed, elevated FFA 
and impaired FFA suppression are associated 
with hypertrigliceridemia such as typically seen in 
obesity (Ebbert and Jensen 2013).  The role of lipid 
peroxidation product in PPRAá regulation is not well 
understood. It was reported that hydroxyl MUFA 
activate PPARs (Yokoi et al. 2010). In addition other 
study reported that induction PPARá increased 
the production of superoxide and hydroxyperoxide 
human and murine macrophages via stimulation 
of NADPH oxidase activity (Teissier et al. 2004). 
Whether this negative effect of PPARá agonists is an 
adaptive mechanism is not certain. However, it is well 
established that lipid peroxidation products resulted 
in the formation of oxidized LDL (Ng et al. 2012). It 
is important to note that apart from hyperlipidemia 
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per se, the oxidative modification of LDL may 
be of particular importance in the development 
of heated vegetable oil induced cardiovascular 
disease. Oxidised LDL causes oxidative damage 
to the endothelium, encourage macrophage uptake 
and foam cells formation and eventually results in 
atherosclerotic plaque development. Ng et al. 2012 
(Ng et al. 2012) demonstrated increased in LOX-1, 
the scavenger of ox-LDL in heated palm and soy 
oil-induced hypertensive rats. The rats fed with 
repeatedly heated sunflower oil had higher TBARS 
contents in serum and in all lipoproteins (HDL, 
LDL and VLDL) than fresh sunflower oil.  Oxidised 
HDL was thought as protective mechanism to 
prevent LDL oxidation. Another important finding 
in this study is that repeatedly heated sunflower oil 
added with butylated hydroxytoluene and butylated 
hydroxyanisole but these did not appear to be 
completely effective in blocking the peroxidative 
stress in the treated rats. (Garrido-Polonio et al. 
2004).

Antioxidants and its effect on blood lipid profiles 
and oxLDL with heated oil
	 To the best of our knowledge, to date, there 
is currently no available studies which reports on 
the effects of polyphenol therapy towards heated 
vegetable oil-induced dyslipidemia. However, a 
recent animal study reported that feeding with heated 
vegetable oil for 6 months caused an increase in 
cardiac tissue free fatty acids (FFA) and triglycerides 
(TG) levels (Sukalingam et al. 2016a) The cardiac 
levels of FFA and TG were markedly attenuated 
following treatment with a polyphenol-rich plant 
extract known as ADD-X. Meanwhile, many studies 
have also shown that polyphenols may improve 
lipid profile in an atherosclerotic animal model. 
For instance, flavonoids extracted from Stellera 
chamaejasme L. at the dose of 400 mg/kg led to 
an increase in serum HDL-C while simultaneously 
decreasing LDL-C, total cholesterol and triglyceride 
levels in an animal model which were fed with high-
fat diet. This study also suggested that flavonoids 
caused elevated hepatic mRNA expression of 
Cholesterol 7á-hydroxylase1 (CYP7A1), and 
peroxisome proliferator-activated receptor (PPAR)-á 
(Y. Wang et al. 2015) . In a different animal 
study, intake of grape polyphenols resulted in 
significant decrease in plasma triglyceride and VLDL 
concentration although no effects were observed on 

plasma total cholesterol concentration (Zern, West, 
and Fernandez 2003). Similarly, hydroxytryrosol 
found in olive oil was shown to decrease total 
and LDL-cholesterol as well as triglycerides 
while simultaneously increasing HDL levels in 
hyperlipidemic animal model (Gonzalez-Santiago 
et al. 2006), however no significant lipid lowering 
effect was reported in a human trial (Lopez-Huertas 
and Fonolla 2017).  Meanwhile, twelve-month 
consumption of a polyphenol extract from olives 
which was conducted in a randomized controlled trial 
has reported that the olive extract improved serum 
lipid profiles with significant decrease in total- and 
LDL-cholesterol in postmenopausal women (Filip et 
al. 2015). 

	 The cholesterol-lowering effects of other 
type of antioxidant was described earlier by Qureshi 
et al 2002. In this study, the cholesterol-lowering 
effects of palm tocotrienol was reported to be 
associated with a reduction in HMGCOA-reductase 
enzymes, which are the rate-limiting enzymes 
in cholesterol synthesis (Qureshi et al. 2002). 
Therefore, changes in fatty acids composition may 
be attributable for the heated oil-induced changes in 
lipid profile. This finding suggested that antioxidants, 
particularly polyphenols may help to attenuate 
lipid-raising effects of heated oil. However, the 
precise mechanisms through which virgin coconut 
oil (VCO) and vitamin E may have improved serum 
lipid profiles in animals were still poorly understood.  
It is not impossible that the observed effects may 
involve the role of peroxisome proliferator-activated 
receptor á (PPARá), or its direct effect on lipid 
regulating enzymes in the liver including HMGCO-A 
reductase. Moreover, vitamin E and both flavonoid 
and non-flavonoid phenolic compounds contribute 
to the protection of LDL from oxidation (Farbstein, 
Kozak-Blickstein, and Levy 2010; Peyrol, Riva, and 
Amiot 2017; Vázquez-Velasco et al. 2011). Table 
3 lists several important mechanism of actions of 
polyphenols, in particular flavonoids and vitamin E 
on dyslipidaemia in general. 

	 A summary of the possible mechanisms 
through which heated vegetable oil may induce 
dyslipidemia via the alteration in fatty acids 
composition, lipid peroxidation product and/or 
oxidative stress and excess of FFA is depicted 
in Figure 1. The possible sites of action at which 
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antioxidants may interfere in the mechanisms are 
also proposed in the figure. 

The effects of antioxidants and heated oil on 
cardiovascular structure
Cardiovascular remodeling
	 Studies have reported that prolonged 
consumption of heated vegetable oil is associated 
with increased aortic intima-media thickness, 
intima-media area and circumferential wall tension. 
Furthermore, it was also proven that hypertension 
induced by the repeatedly heated vegetable oil 
simulates a pressure-overload hypertension 
model, since the increase in blood pressures were 
gradual and sustainable. Pressure overload may 
cause increased in circumferential wall tension and 
intima-media thickness. Despite increment in intima-
media thickness, elastic lamina was not significantly 
affected. These findings further suggested vascular 
smooth muscle hypertrophy (Siti et al. 2017; Ng 
et al. 2012; Subermaniam et al. 2015). However, 
it could not be concluded whether these vascular 
morphological alterations were directly caused 
by heated vegetable oil or due to compensatory 
vascular remodelling. However, many literatures had 
established the mutual cause-and-effect relationship 
between hypertension and vascular remodelling 
(Heagerty et al. 1993; Hayashi and Naiki 2009; Prado 
and Rossi 2006).
 
	 Subermaniam et al. 2015 reported that 
cardiomyofibre width of left ventricular tissues 
in heated palm oil-fed rats showed a significant 
increase in size compared to the control which may 
suggest left ventricular hypertrophy (Subermaniam 
et al. 2015). However, another study suggested that 
cardiac muscle hypertrophy may have not occurred 
in heated palm-oil treated group (X. F. Leong et 
al. 2008). This contradictory hypothesis may be 
due to different method of assessment in which 
Leong et al. looked into the whole heart weight, 
while Subermaniam et al. used histomorphometric 
measurement of left ventricle. Sukalingam et al.2016 
on the other hand reported that there was an increase 
in cardiomyocytes nuclear counts associated with 
increased cardiomyofibre width of left ventricle in rats 
fed with heated palm oil; therefore further suggestive 
of hyperplasia of myocardium (Sukalingam et al. 
2016b) . Meanwhile, an experimental model which 
was used to induce left ventricular hypertrophy by 

pressure overload in rodents have shown increased 
levels of superoxide dismutase and glutathione 
peroxidase activity, and lower malondialdehyde 
(MDA) levels in the myocardium. There was also 
associations between lipid peroxidation and left 
ventricular mass index in a study (Steer et al. 2002) 
which suggested that lipid peroxidation in plasma 
may be of importance for growth of the left ventricle. 
However, pressure overload itself may induce left 
ventricular hypertrophy as part of compensatory 
remodelling. 

	 A study has reported that supplementation 
of flavonoids-rich citrus leaves extract significantly 
reduced aortic intima-media thickness, intima-media 
area and circumferential wall tension in five-time-
heated palm oil but not in ten-time-heated palm oil 
group (Siti et al. 2017). This suggests that flavonoids 
prevent the occurrence of vascular remodeling. This 
findings were parallel with previous studies which 
reported that the increased in intima media thickness 
and myofibre size were significantly prevented by 
virgin coconut oil supplementation at the dose of 
1.42ml/kg orally for 16 weeks (Subermaniam et 
al. 2015). Sukalingam et al. again demonstrated 
that polyphenol-rich ADD-X extract was capable 
to reduce the increment in cardiomyofibre width , 
which proves the protective effects of ADD-X extract 
(Sukalingam et al. 2016b).

Atherosclerosis, cardiovascular toxicity and 
cardiac injury
	 Vascular changes such as destruction of 
intimal layer, increase in sub-endothelial thickness, 
deposition of collagen and intimal thickening, 
condensation of cytoplasm and karyopyknosis of 
endothelial cells, presence of vacuole and collagen 
in endothelial layer were all observed with diet that 
contains heated oil. These changes suggest an 
early atherogenesis process. A study has observed 
that these vascular changes were severe in the five 
times-heated palm and soy oil group compared to 
the once-heated oil group (Adam, Das, and Jaarin 
2009; Adam et al. 2009). In this study, it was also 
found that the detrimental effects of low-estrogenic 
state on vascular endothelium can be prevented by 
fresh palm and soy oil supplementation. This effect 
was lost when the oils were repeatedly heated. 
The result of this study suggested that vegetable 
oil contain substances that could prevent blood 
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vessel damage. This could be the high antioxidant 
content such as vitamin E, which was destroyed 
with repeated heating (Adam et al. 2007). Another 
study (Aziz et al. 2012) reported that heated palm 
oil caused vascular intimal thickening, collagen 
deposition, condensation of cytoplasm, disruption 
of internal elastic lamina, as well as the presence of 
mononuclear cells and vacuolization.  However, this 
structural change was prevented by supplementation 
of curcumin in a dose of 50mg/ml/kg body weight. 
This finding suggests that antioxidant curcumin 
helped to attenuate heated-oil induced vascular 
changes that predispose to atherosclerosis in post-
menopausal rat’s model.  Interestingly, Sukalingam 
et al. 2017 demonstrated high intramyocardial lipid 
accumulation in cardiac tissues, in the groups that 
were fed with heated palm oil (unpublished data). 
Although this research did not concomitantly study 
lipid accumulation in the vascular wall, it is not 
impossible that the signs of necrosis observed in the 
myocardium are partly due to ischemia secondary to 
atherosclerosis of coronary arteries. Polyphenol-rich 
ADDX ectract supplementation in heated palm-oil 
fed group seems to have lesser intramyocardial 
lipid accumulation compared to palm oil fed-group 
without ADDX supplementation (unpublished data 
by Sukalingam et al. 2017).

	 Leong et al. 2008 reported that 5 times 
and ten times heated palm oil caused necrosis of 
cardiac tissue (X. F. Leong et al. 2008). This finding 
was supported by Subermaniam et al. 2015 which 
reported that heated palm oil reduced nuclear 
size which indicated an early sign of pyknosis 
(Subermaniam et al. 2015). The reduction in nuclear 
size were significantly prevented by virgin coconut oil 
supplementation at the dose of 1.42ml/kg orally for 
16 weeks.  Sukalingam et al. 2016 also reported that 
heated palm oil caused a reduction in nuclear size but 
this effects seemed to be attenuated by polyphenol-
rich ADD-X supplementation (Sukalingam et al. 
2016b).

	 Lipid peroxidation is the main culprit in 
oxidised vegetable oil-induced cardiotoxicity (Rouaki 
et al. 2013). The relationship between cardiotoxicity 
and lipid peroxidation of cell membrane lipids 
can be established by looking into the antioxidant 
system and lipid peroxidation product. Oxidised 
sunflower oil diets in rats resulted in a reduction in 

tissue catalase and glutathione peroxidase activities 
while an increase in lipid peroxidation level was 
observed. These changes in the heart antioxidant 
system was associated with the presence of 
areas of necrosis on the cardiac tissue sections. 
Interestingly, this study revealed that administration 
of a moderate dose á-tocopherol (600 mg/kg) 
restored the antioxidant balance, but that high 
levels of á-tocopherol (1200 mg/kg) resulted in a 
pro-oxidant effect which decreased catalase and 
glutathione peroxidase activities while increasing 
lipid peroxidation levels (Rouaki et al. 2013). Another 
study reported rather parallel findings, which was 
the presence of necrotic cardiac tissues in five-
time and ten times-heated palm oil; with the latter 
showing more severity (Sukalingam et al. 2016b). No 
significant changes in cardiac histology for control 
and the experimental group which was fed with 
polyphenols-rich extract ADD-X, however there was 
associated reduction in serum thiobarbituric acid 
reactive substance (TBARS) levels while increased 
in catalase, reduced glutathione (GSH) and sodium 
dismutase (SOD) levels were observed. Therefore, 
this finding suggested that polyphenols-rich 
antioxidant like ADD-X has cardio-protective effects 
and is able to prevent heated oil-induced cardiac 
toxicity. This study also found that heated palm oil 
consumption increases cardiac LDL and troponin 
T levels which are often associated with cardiac 
necrosis in the post-menopausal rat models. Those 
changes were attenuated by polyphenol-rich ADD-X 
supplementation in the experiment (Sukalingam et 
al. 2016a).

	 In a separate study, pre-treatment with 
polyphenol-rich lemon grass at a dose of 200 mg/
kg in isoproterenol-induced myocardial necrosis 
decreased the toxic lipid peroxidation events 
(measured by TBARS levels) in both serum and 
heart tissues, by increasing the level of enzymatic 
antioxidants superoxide dismutase (SOD), catalase, 
glutathione peroxidase (GPx) and glutathione-
s-transferase (GST) as well as non-enzymatic 
antioxidants including reduced glutathione (GSH), 
vitamin E and vitamin C. In this experiment, the 
activity of creatinine kinase-MB (CKMB), creatinine 
kinase (CK), and lactate dehydrogenase (LDH) 
was observed to be decreased significantly in 
heart tissues’ homogenate and increased in serum 
of cardiac-injured rats compared to control group. 
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The cardio-protective effects of lemon grass also 
was comparable with that of vitamin E (Gayathri 
et al. 2011). However, care should be taken in 
interpreting cardiac markers because of their levels 
are influenced by the timing of myocardial injury as 
well as the specificity of the type of biomarker.

CONCLUSION

	 Heated oil has been proven to be detrimental 
to the blood pressure, lipid profiles as well as 
promoting atherosclerosis and cardiac toxicity. These 
cardiovascular health effects were associated 
with an increase in lipid peroxidation products 
and antioxidants enzymes. Supplementation with 

antioxidants such as polyphenols and vitamin E indeed 
showed protective effects against the cardiovascular-
related parameters. Therefore, the consumption of 
antioxidant-rich diet or supplementation can aid 
to attenuate these cardiovascular health effects in 
animal models. Perhaps more extensive studies 
need to be conducted to prove their beneficial effects, 
specifically in human subjects.  
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