Journal of
Food Bioactives

International Society for @

Nutraceuticals and Functional Foods S N FQ

J. Food Bioact. 2021;15:51-62

Potential adverse health effects of dietary lipid oxidation products

Yuanyuan Hu?, Guanhua Zhao?, Min Zhang?, Dayong Zhou®"<* and Beiwei Zhu®P<*

aSchool of Food Science and Technology, Dalian Polytechnic University, Dalian 116034, PR China

PNational Engineering Research Center of Seafood, Dalian 116034, PR China

°Collaborative Innovation Center of Seafood Deep Processing, Dalian Polytechnic University, Dalia 116034, PR China

*Corresponding author: Dayong Zhou and Beiwei Zhu, School of Food Science and Technology, Dalian Polytechnic University, Dalian
116034, PR China. Tel: +86-0411 86323453 (BZ), +86-0411 86313453 (DZ); E-mail: zdyzf1@163.com (DZ), zhubeiwei@163.com (BZ)
DOI: 10.31665/JFB.2021.15282

Received: July 17, 2021; Revised received & accepted: August 11, 2021

Abbreviations: AP, amyloid B-protein; ACE, angiotensin converting enzyme; ACh, acetylcholine; AD, Alzheimer’s disease; ADAM, A-
disintegrin and metalloprotease; ALDH2, aldehyde dehydrogenase-2; ALS, amyotrophic lateral sclerosis; ApoE-/-, apolipoprotein E-defi-
cient; APP, amyloid precursor protein; AST, aspartate aminotransferase; ATP, adenosine-triphosphate; BACE-1, beta-secretase 1; BCL-2,
B-cell lymphoma 2; BDNF, brain-derived neurotrophic factor; BK, large-conductance calcium-dependent potassium; CAT, catalase; CCK,
cholecystokinin; CoA, acyl coenzyme A; COPs, cholesterol oxidation products; CYP, cytochrome P450; dGuo, 2'-deoxyguanosine; DNA,
deoxyribonucleic acid; FAS, fatty acid synthase; G6PDH, glucose-6-phosphate dehydrogenase; GPR183, G protein-coupled receptor 183;
GPx, glutathione peroxidases; GSH, glutathione; HD, Hungtington’s disease; HHE, 4-hydroxy-2-hexenal; HNE, 4-hydroxy-2-nonenal;
KATP, adenosine triphosphate-sensitive potassium; 7-KC, 7-ketocholesterol; LDL, low-density lipoprotein; LOPs, lipid oxidation products;
MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; NF-«xB, nuclear factor kappa light chain enhancer of activated B cells;
NO, nitric oxide; 24-OH, 24-hydroxycholesterol; 27-OH, 27-hydroxycholesterol; PD, Parkinson; PE, phenylephrine; PKC, protein kinase C;
PPARa, peroxisome proliferator-activated receptor a; PUFAs, polyunsaturated fatty acids; ROS, reactive oxygen species; SNP, sodium ni-
troprusside; SREBP, sterol regulatory element binding protein; t-2-DCA, trans-2-decenal; tt-DDE: trans, trans-2,4-decadienal; tt-2,4-NDE,
trans-trans-2,4-nonadienal; TrkA, tropomyosin receptor kinases A; TrkB, tyrosine Kinase receptor B; t-2-UDA, trans-2-undecenal; VLDL,
very low-density lipoproteins; ZO-1, occlusion-1

Citation: Hu, Y., Zhao, G., Zhang, M., Zhou, D., and Zhu, B. (2021). Potential adverse health effects of dietary lipid oxidation products. J.
Food Bioact. 15: 51-62.

Abstract

Lipid oxidation products (LOPs) are widely present in many lipid- containing foods. They usually enter the gastro-
intestinal tract from dietary sources and/or are produced in vivo. Part of LOPs were absorbed into the blood and
transported into tissues. A growing bulk of evidence suggests that LOPs, mainly reactive aldehydes and oxyster-
ols, are potentially involved in the pathogenesis of many chronic diseases, such as atherosclerosis, Alzheimer’s
disease, and inflammatory bowel disease. This review summarizes the current knowledge of the adverse effects,
cytotoxicity, and the main mechanisms of LOPs involvement in humans and animals.

Keywords: Lipid oxidation products; Aldehyde; Cholesterol oxidation products; Adverse health effects; Toxicity.

a series of complex reactions, producing a large number of lipid
oxidation products (LOPs), including lipid hydroperoxides, alde-
hydes, ketones, alcohols, alcohols, and epoxy compounds, among

1. Introduction

Lipids are the main nutrient components of food and important

components of cells in biological systems. However, they are
prone to oxidation through various pathways. Lipid oxidation is
not only a major reason for the deterioration of food quality, but
also has negative impacts on the integrity of the biological system
(Shahidi and Zhong, 2010). The lipid oxidation process involves

others (Rodriguez-Amaya and Shahidi, 2021). These oxidative
changes in lipids or lipid containing foods result in the forma-
tion of peculiar smell, the loss of nutrients and bioactives, mak-
ing foods unsuitable for consumption, and even formation of toxic
compounds, which potentially risk to human health.

With the diversification of people’s diet, an increasingly large
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Figure 1. Examples of chemical structures of the lipid oxidation products
(LOPs).

proportion of the human population frequently ingest oxidized/per-
oxidized lipids. Oxidized/peroxidized lipids may contain a class
of toxic compounds including hydroxyl fatty acids, cyclic mono-
mers, dimers, and polymers and polycyclic aromatic hydrocarbons
(Rodriguez-Amaya and Shahidi, 2021). Besides, dietary oxidized/
peroxidized lipids exist in gastrointestinal tract constantly, and de-
compose into a variety of oxygenated and aliphatic fatty acid scis-
sion as well as secondary or tertiary lipid oxidation products in the
gastric lumen (Vieira, Zhang, and Decker, 2017). Some of them
are easily absorbed into the lymph or directly into the blood stream
after ingestion (Kanner, 2007). In the past decades, the deleterious
effects of regular ingestion of these LOPs on human health have
attracted a large amount of high-impacting research interest and
focus.

Although a myriad of compounds may be formed during lipid
oxidation, the mainly focused research areas are the oxidation prod-
ucts of polyunsaturated fatty acids (PUFAs) and cholesterol oxida-
tion products (COPs) (Figure 1). For PUFAs, hydroperoxides from
PUFA oxidation undergoes p-cleavage and produces various spe-
cies of aldehydes. Among these aldehydic end-products, reactive
o, B-unsaturated aldehydes, such as 4-hydroxy-2-nonenal (HNE),
4-hydroxy-2-hexenal (HHE), acrolein, malondialdehyde (MDA),
and trans, trans-2,4-decadienal (tt-DDE), are the most important
secondary oxidation products in terms of both quantity and toxici-

ty (Guillén and Goicoechea, 2008; Rodriguez-Amaya and Shahidi,
2021). Accumulated evidence shows that they are regarded as the
second messengers of free radicals and possess potent electrophilic
properties that could interfere with many pathophysiological pro-
cesses, and exert toxic effects in both human and animal studies
(Gegotek and Skrzydlewska, 2019). For cholesterol, oxidation of
cholesterol leads to the formation of a large number of oxidized
products, generally known as oxysterols. They are important me-
diators of cholesterol-induced effects with detrimental properties.
They can enter intracellular membranes and affect the structure
and function of membrane-associated proteins (Maldonado-Perei-
ra et al., 2018; Testa et al., 2018). Solid evidence indicates that
these aldehydes and COPs are implicated in or could aggravate a
series of adverse effects on human health, such as cardiovascular
diseases, neurodegenerative diseases, mutagenic and carcinogenic
properties, gastrointestinal disease, and hepatotoxicity (Table 1).
However, very few reviews of this topic have been published.

Taking into account the increasing tendency to enrich foods
with LOPs and the increasing incidence of the related diseases,
this review summarizes the current knowledge about the studies
of LOPs and the related diseases. This evidence might help to en-
hance people’s awareness of the health effects of dietary oxidized
lipids and provide potential therapeutic directions for reducing the
LOPs related diseases.

2. Cardiovascular diseases
2.1. Atherosclerosis

Oxidized lipid and LOPs in foods are absorbed by the intestine, ap-
pear in the blood circulation, and can have deleterious cardiovascu-
lar effects in humans (Cohn, 2002). Atherosclerosis is a progressive
disease characterized by the accumulation of lipid and fibrous com-
ponents in the large arteries (Zaguri et al., 2007). Numerous studies
from both animals and humans indicate that dietary oxidized lipids,
aldehydic LOPs, and COPs have some atherosclerotic effects. Ac-
cumulated evidence shows that people who consume LOPs have
significant higher oxidized lipids level in chylomicrons and very
low density lipoproteins (VLDL), which is positively associated
with the occurrence of clinical evidence of atherosclerosis in hu-
mans (Ahotupa, 2017; Hajri, 2018; Viktorinova et al., 2016). An-
other human study conducted by Menéndez-Carrefio et al. (2011)
analyzed the relationship between total COPs and different cardio-
vascular diseases risk factors in the serum of 88 recruited subjects.
The results showed that the serum COPs level of patients with ath-
erosclerosis was significantly higher than those of subjects who did
not show atherosclerosis. More recent investigation reported that
serum 7B-hydroxycholesterol concentration was the strongest pre-
dictor of a rapid progression of carotid atherosclerosis in humans
(Maldonado-Pereira, et al. 2018). All these evidences have empha-
sized the close relationship between arteriosclerosis and LOPs.

In animal experiments, the COPs have been found to have
profound biological effects following the intake of meals rich in
oxidized cholesterol, such as increased aortic injury, impaired
vascular endothelium, and which also support the role of LOPs
in atherosclerosis. Staprans et al. (2000; 2005) found that dietary
oxidized cholesterol for respective 7 and 4 months significantly in-
creased aortic lesions in apolipoprotein E (ApoE) and low density
lipoproteins (LDL) receptor-deficient mice. Meynier et al. (2002)
reported that administration of oxysterols in high cholesterol diets
for 3 months induced vascular wall thickening, endothelial dam-
age and smooth muscle cell proliferation and migration in Golden
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Figure 2. The effects of COPs on different cell lines that involved in various diseases.

Syrian hamsters. Besides, Gargiulo et al. (2017) reviewed that ox-
ysterols contribute to atherosclerosis by inducing apoptosis, oxida-
tive stress, chronic inflammation, foam cell formation, mitochon-
drial damage, loss of nitric oxide (NO) bioavailability, as well as
enhancing macrophage activity in vitro (Figure 2).

In addition to oxysterols, several previous publications reviewed
that aldehydes are involved in the genesis and development of ath-
erosclerosis by inducing various key steps, including damage en-
dothelial function, modification of LDL, promotion foam cell for-
mation, stimulation the adhesion of monocytes and lymphocytes,
proinflammatory, redox imbalance, deoxyribonucleic acid (DNA)
damage, formation of the monocyte chemoattractant protein-1,
and stimulation smooth muscle cells proliferation and migration
(Leonarduzzi et al., 2010; Zirak et al., 2019). In this review, the
collected evidence suggests that aldehydes, especially acrolein,
contribute to the development of atherosclerosis by inducing vas-
cular injury, systemic dyslipidemia, and gut microbiota in vivo.
According to the results reported by Srivastava et al. (2011), di-
etary exposure to acrolein (2.5 mg/kg/day) by gavage for 8 weeks
aggravated atherosclerosis in apolipoprotein E-deficient (ApoE-/-
) mice, as evidenced by increased lesion formation in the aortic
valve and aortic arch, elevated concentrations of cholesterol and
platelet factor 4 levels in the plasma, macrophage accumulation,
and the abundance of small and medium VLDL particles. Conk-
lin and co-workers reported that oral acrolein feeding resulted in
increased plasma cholesterol, triacylglycerols, and VLDL, and
decreased hepatic lipase activity and hepatic lipase expression in
mice (Conklin et al., 2010; Conklin et al., 2011). Rom et al. (2017)
found that feeding ApoE-/- mice with acrolein (3 mg/kg/day) for 1
month resulted in a significant dyslipidemia as well as elevations
of the prevalence of Ruminococcaceae and Lachnospiraceae, and
this altered the gut microbiota composition is positively correlated
with enhanced atherosclerosis.

Taken together, these findings indicate that LOPs in the diet are
directly related to the level of oxidized lipids in the circulation,
which can trigger the occurrence of atherosclerosis involved in a
variety of complex ways.

2.2. Diabetes mellitus

Based on the preceding evidence, the process of lipid oxidation and

the resulting LOPs are implicated in the development of diabetes
and its complications. Indeed, a study based on the results of hu-
man trials in diabetic patients showed that the level of oxidized li-
pids in serum chylomicrons increased after people with poor blood
glycemic control ingested dietary oxidized fatty acids (Staprans
et al., 1999). Besides, oral consumption of a diet contains high
oxidized frying oil are demonstrated to induce impairment of glu-
cose tolerance and impairment of insulin secretion in rodents (Li
et al., 2017; Liao, Shaw, and Chao, 2008). Notably, HNE is con-
sidered as a crucial molecule for triggering and sustaining a wide
range of biochemical events underlying the development of this
processes (Jaganjac et al., 2013). It has been reported that HNE
could directly bind to insulin and consequently impair its ability to
stimulate glucose uptake in mice (Pillon et al., 2011; Pillon et al.,
2012). Following these findings, another by-product of n-3 PUFAs
peroxidation, HHE, which has similarities in structure with HNE,
was reported to play a causal role in the pathophysiology of type
2 diabetes. The researchers found that circulating levels of HHE
in type 2 diabetic humans and diabetic rat models were twice that
of non-diabetic counterparts, and it was positively correlated with
blood glucose levels. Acute intravenous injection of HHE (10 mg/
kg) significantly changed the whole-body insulin sensitivity and
reduced the glucose infusion rate in rats (Soulage et al., 2018).
Moreover, both HNE and HHE were found to impair insulin ac-
tion, insulin signaling, and insulin-induced glucose uptake in mus-
cle cells and adipose cells (Cohen et al., 2013; Pillon et al., 2012;
Soulage et al., 2018).

For COPs, some evidences show high concentrations of plasma
COPs in patients or animals with diabetes mellitus compared with
healthy controls (Endo et al., 2008; Ferderbar et al., 2007; Yosh-
ioka et al., 2005). However, the question whether dietary COPs can
directly lead to the development of diabetes mellitus needs more
research to prove.

2.3. Hypertension

As we all know, hypertension is one of the most common chron-
ic diseases, and also an important risk factor for cardiovascular
disease. Vascular endothelial dysfunction contributes to the oc-
currence and development of vascular injury, and it is also an
effective independent predictor of hypertension (Endemann and
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Schiffrin, 2004). Evidences from humans and animals indicate
that intake of LOPs may be a potential risk factor for the devel-
opment of hypertension. A human study conducted by Soriguer
et al. (2003) reported that LOPs produced from cooking oil were
strongly and positively associated with high blood pressure. In ani-
mal experiments, administration of oxidized lipids was reported
to induce hypertension by impairing endothelium-dependent and
endothelium-independent vasorelaxation, reducing NO bioavail-
ability, increasing thromboxane and angiotensin converting en-
zyme (ACE), altering the histological structures of blood vessels,
and reducing adenosine triphosphate-sensitive potassium (KATP)
and large-conductance calcium-dependent potassium channels
(BK channels). For example, intake of oxidized oils for 6 months
was reported to induce blood pressure elevation, attenuate relaxa-
tions in response to acetylcholine (ACh) and sodium nitroprusside
(SNP) as well as increase vasoconstriction to phenylephrine (PE)
(Leong et al., 2009; Nurul-Iman et al., 2013). Other studies point
that ingestion of thermally oxidized oil for 16 weeks induced blood
pressure elevation, disrupted elastic lamellae of tunica media and
the structures of heart and blood vessels, and simultaneously with
increased thromboxane and ACE in rats (Nkanu, Owu, and Osim,
2018; Siti et al., 2017; Siti et al., 2018).

Accumulated evidence reveals that oxidative stress is one of the
important reasons leading to the generation and/or maintenance
of hypertension, which can directly change the function of vas-
cular endothelial or cause changes in vascular tension (Hu et al.,
2020). As an inducer of reactive oxygen species (ROS), reactive
aldehydes were regarded as an important mediator of oxidized li-
pids in inducing blood pressure elevation. Indeed, Conklin et al.
(2006) concluded that acrolein generation in the blood vessel wall
increased human susceptibility to vasospasm, an event that is en-
hanced in hypertension. Recently, it was demonstrated that oral ad-
ministration of tt-DDE (500 mg/kg) for 28 day induced blood pres-
sure elevation in rats, and this effect was closely associated with
tt-DDE induced endothelial dysfunction, oxidative/nitrative stress
and apoptosis in both vascular endothelial tissue and endothelial
cells (Hu et al., 2020). Besides, other evidences indicate that ex-
cess reactive aldehydes contribute to progressive and deleterious
changes in hypertensive by increasing cytosolic-free calcium lev-
els, altering renal vascular function, and inducing endothelial cell
toxicity (Hu et al., 2020; Lee and Park, 2013).

2.4. Cardiotoxicity

In addition to their role in the process of atherosclerosis, diabetes,
and hypertension some evidences indicate that LOPs are detrimen-
tal to heart and cardiac function, and instigate multiple cellular dis-
turbances in cardiomyocytes (Hajri, 2018). Indeed, consumption
of oxidized rapeseed oil for 112 days induced transient myocardial
lipidosis characterized by accumulation of fat droplets in myo-
cardial fibers of rats (Charlton et al., 1975). Rouaki et al. (2013)
reported that dietary oxidized sunflower oil induced extensive ne-
crosis of heart tissue, increased body weight and LPO levels, and
decreased catalase (CAT) and glutathione peroxidases (GPx) ac-
tivities in rats. Again, other studies found that dietary heated palm
oil diet for 16 weeks significantly increased the myofiber width
and area, and induced necrosis in cardiac tissue of rats (Kamisah et
al., 2016; Leong et al., 2008).

Specially, reactive aldehydes including acrolein and HNE are
consistently demonstrated to be the important mediators that con-
tribute to cardiotoxicity. The immunohistochemical examination
of myocardial biopsy in patients with cardiomyopathy and/or heart
failure showed that HNE protein adduct increased in the heart and

was positively correlated with decreased heart function (Nakamura
et al., 2005). Another study reported that HNE can form adducts
with cardiac aldehyde dehydrogenase 2 (ALDH2) protein in meta-
bolic syndrome and/or type 2 diabetic mice, accompanied by obvi-
ous cardiac hypertrophy, cardiac damage, myocardial mitochon-
drial dysfunction, and heart weight increase (Mali et al., 2016). For
acrolein, Wang et al. (2008) found that acrolein (5 mg/kg) feeding
by gavage could exacerbate myocardial ischemic injury and blocks
NO-induced cardioprotection via mechanisms that disrupt protein
kinase C (PKC) signaling in mice. Aydin et al. (2018) reported
that oral administration of acrolein (5 mg/kg) in rats for 30 days
induced cardiac injury, with oxidative stress and dysfunction in
mitochondrial bioenergetics of heart. On the other hand, reactive
aldehydes can induce a wide array of toxic consequences in the
cardiomyocytes, including destruction of membrane and cytosolic
enzyme activities and actin cytoskeleton, inducing mitochondrial
damage, depletion of adenosine-triphosphate (ATP) content, mem-
brane swelling and dissolution, alteration of current through K*
channels, imbalance of cellular calcium homeostasis, and inducing
oxidative stress, inflammation, and apoptosis (Chapple, Cheng,
and Mann, 2013; Gianazza et al., 2019).

For oxysterol, there are significant positive correlations be-
tween oxysterol levels and the number of risk factors for coronary
heart disease (Samadi et al., 2019). Besides, in a study of Sozen
et al. (2018), the data indicated that a high-cholesterol diet caused
abnormal heart function by regulating proteins related to lipid
metabolism in rabbits. In vitro, oxysterols also exert strong toxic
effects on the cardiomyocytes, including increasing inflammatory
cytokine, downregulation of B-cell lymphoma 2 (BCL-2) expres-
sion, activation of caspases, production of ROS, opening of mito-
chondrial permeability transition pore, inducing cell hypertrophy,
Ca?" cycling dysfunctional, DNA fragmentation, and cell death
(Cilla et al., 2017; Lee, Nam, and Lee, 2015) (Figure 2). However,
more human and animal experiments need to be provided to prove
the potential role of COPs intake and cardiotoxicity.

3. Neurodegenerative diseases

Documented evidences have demonstrated that free radical-me-
diated oxidative damage is one of the important mechanisms of
the pathogenesis of neurodegenerative diseases, including Alz-
heimer’s disease (AD), Parkinson (PD), Hungtington’s disease
(HD), and Amyotrophic lateral sclerosis (ALS). Since HNE acts
both as a signaling molecule and as cytotoxic product, its effect
on neurodegenerative diseases has been extensively investigated.
Perluigi et al. (2012) pointed that there were elevated levels of
HNE and its proteins adducts in relevant brain tissues and body
fluids of AD, PD, HD subjects and/or animal models with neuro-
degenerative diseases. The formation of protein adducts results in
altered energy metabolism and protein homeostasis, mitochondrial
dysfunction, as well as reduced antioxidant levels, which provides
further support for the physical impairment, cognitive decline,
progressive memory loss, and oxidative stress associated with the
neurodegenerative disorders (Barrera et al., 2015). For example,
Sardar Sinhah et al. (2018) reported that HNE was implicated in
the pathogenesis of different PD by modifying a-synuclein, an
important protein that linked to synaptic plasticity, neurotransmit-
ter release and the maintenance of the synaptic pool. On the other
hand, intake of HNE can induce direct adverse effects on neurons
and neural cells. Zarate et al. (2009) reported that administration of
oxidized sunflower oil containing HNE (3 mL/kg/day) for 21 days
induced disruption of survival signaling of frontal cortex choliner-
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gic neurons, as evidenced by the reduction of the number of neural
cells with positive immunostained tropomyosin receptor kinases A
(TrkA) receptor in the frontal cortex of rats.

In addition to HNE, Selmanoglu et al. (2018) reported that oral
exposure to acrolein (2 mg/kg/day) for 90 days induced histo-
pathological changes of brain tissues and neurofilament accumula-
tion in rats. Huang et al. (2018) found that acrolein (2.5 mg/kg/
day) treatment by gavage for 12 weeks induced cognitive impair-
ment and pyknosis/atrophy of hippocampal neurons by inducing
oxidative damage, activating astrocytes, regulating brain-derived
neurotrophic factor (BDNF)/ tyrosine Kinase receptor B (TrkB)
pathway, B-secretase 1 (BACE-1) and A-disintegrin and metal-
loprotease (ADAM) in hippocampus and cortex, as well as key
enzymes involved in amyloid precursor protein (APP) metabolism
in rats.

Oxysterols are believed to be the link between altered brain
cholesterol metabolism and neurodegenerative diseases. Differ-
ent oxysterols are reported to be involved in numerous age-related
pathological conditions. Among them, the balance of 24-hydroxy-
cholesterol (24-OH) and 27-hydroxycholesterol (27-OH) has been
identified as a useful tool for monitoring and/or diagnosing of the
progression of neurodegenerative diseases (Poli, Biasi, and Leon-
arduzzi, 2013). By analyzing the patient samples, it was found
that the increase in plasma 24-OH level and 24-OH/27-OH ratio
is related with the development of eventual cognitive impairment
(Hughes et al., 2012; Malaguti et al., 2019). Besides, 7-KC ac-
cumulation has been correlated to the development of AD. It ex-
erts toxic effects on cellular model systems derived from neuronal
tissues by multiple mechanisms (Malaguti et al., 2019). Although
the direct effect of oral administration of oxysterols on neurode-
generative disease has rarely been reported, increasing evidence
shows that oxysterols can impair neuronal and muscular develop-
ment and induce oxidative stress, inflammation, amyloid f3-protein
(AP) formation and accumulation, and death of neurons in various
human neuronal cell lines (Testa et al., 2018) (Figure 2).

4. Gastrointestinal diseases

A growing body of evidence suggests that long-term consumption
of oxidized oils may be an important factor in human gastrointesti-
nal diseases, and the cause is closely related to the large amount of
generated LOPs (Martin Grootveld et al., 2020). Animal toxicol-
ogy studies have shown that oxidized oils produced under extreme
processing conditions induces severe irritation of gastrointestinal
tract and could react with intestinal mucosal proteins and interfere
with the absorption process in experimental animals (Esterbauer,
1993; Hajri, 2018). Obembe et al. (2011) found that ingestion of
thermally oxidized palm oil may induce distortion in the morphol-
ogy of intestinal villi, malabsorption of intestinal juice and glucose
absorption in the intestine of rats. Zhou et al. (2016) reported that
oral administration of fried oil induced impairment of intestinal
mucosa, endocrine tissue destruction and inflammation, and mi-
crobiota structure imbalance in rats.

The formation of reactive o, B-unsaturated aldehydes during
high fat dietary intake are one of the major contributory factors
in aggravation of gastric mucosa and intestinal diseases. They can
directly contact intestine lamina, and induce the loss of intestinal
epithelial barrier function and abnormal inflammatory response of
the intestinal mucosa, and play crucial roles in the pathogenesis of
inflammatory bowel disease (IBD) (Rossin et al., 2017; Sottero et
al., 2018). Jayaraj et al. (1986) reported that oral administration of
HNE to rats at a dose of only 0.26 uM, a concentration similar to

that of healthy human blood plasma induced peptic ulcers in the
animals. Gomes et al. (2002) found that acrolein (6 mg/kg) admin-
istration by gavage for 70 days in rats induced erosion, hyperplasia
and hyperkeratosis in the glandular mucosa of the stomach or in
the forestomach. Oral administration of tt-DDE (800 mg/kg) by
gavage for 3 months can induce forestomach ulceration and di-
arrhea, and inhibit gastric emptying rate in rats through inducing
cholecystokinin (CCK) secretion in rats (Chan, 2011; Hira et al.,
2015). More recently, Rom et al. (2017) reported that intake of
acrolein (3 mg/kg/day) for 1 month induced a major shift in the gut
microbiota composition in atherosclerotic ApoE-/- mice, including
a significant phylum-level change with increased Firmicutes and
decreased Bacteroidetes.

For oxysterols, they are closely related to the occurrence and
severity of intestinal inflammation and intestinal endothelial dam-
age. Dietary intake of 7-ketocholesterol (7-KC) impaired the integ-
rity of intestinal epithelial monolayer barrier by down-regulating
tight junction protein zonule occlusion-1 (ZO-1) and reducing the
transepithelial electrical resistance (Chalubinski et al., 2014; Cha-
lubinski et al., 2013). According to the report presented by Will-
inger (2019), high amounts of oxysterols synthesized from diet-
derived cholesterols would activate the receptor G protein-coupled
receptor 183 (GPR183) and trigger pro-inflammatory immune
activity in the intestine. Besides, dietary oxysterols can induce ir-
reversible damage of the intestinal epithelial, and can exert a series
of toxic effects on human epithelial colonic cells, including mi-
tochondrial injury, pro-apoptotic, pro-oxidation, pro-inflammatory
activities, thereby impairing the characteristics of the intestinal
epithelium (Sottero et al., 2018) (Figure 2).

5. Carcinogenicity

Evidence for a putative role of dietary oxidized oils and LOPs in
carcinogenicity has come from both animal and human studies.
Stott-Miller et al. (2013) examined the relationship between the
intake of deep-fried foods (including French fries, fried chicken,
fried fish, etc.) and prostate cancer risk through a food frequen-
cy questionnaire survey in 1,549 cases and 1,492 controls, and
it was concluded that regular consumption of deep-fried foods
is associated with increased prostate risk. Recently, Mhatre et al.
(2020) conducted a human case-control study, showing that high
consumption of fried mustard oil increased the risk of gallblad-
der cancer. On the other hand, the basis of the epidemiological
studies suggested that cooking fumes from heated culinary oils are
toxic and exposure to human showed to be an increased risk factor
of contracting cancer (Chen et al., 2020; Jia et al., 2018). In par-
ticular, a positive correlation between the inhaling oil fume from
heated oils and high risks of lung cancer (Ma et al., 2020).
Cumulative evidence indicated that lipid oxidation-derived re-
active aldehydes may be the main carcinogenic substances in oxi-
dized oils that exert carcinogenicity. It has been reported that alde-
hydes induce and participate in the occurrence and progression of
cancer, and chronic exposure can increase the tumor frequency in
animals (Eckl and Bresgen, 2017). For example, tt--DDE, a major
aldehyde in cooking oils fumes, was reported to induce lung car-
cinogenesis. It has been reported that intratracheally instilled with
tt-DDE to mice for 8 weeks significantly increased the number
and types of cells in the bronchoalveolar lavage fluid, increased
the epithelial hyperplasia and granulomatous nodules at the bron-
choalveolar junction (Lin et al., 2014; Wang et al., 2010). Oral ad-
ministering MDA as its enol salt over a range of 0.1-10.0 pg/g/day
for 12 months in Swiss mice showed a dose dependent increase of
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Figure 3. Summary of the formation of aldehyde adducts and their possible effects on the progression of cancer.

total neoplasms and neoplastic lesions in the liver (Draper, Mc-
Girr, and Hadley, 1986). Likewise, oral consumption of acrolein
induced pulmonary injuries, including airspace enlargement, lung
inflammation, lung edema, and even lung cancer (Bein and Lei-
kauf, 2011).

The reported biochemical effects of aldehydes are associated
with their lipophilicity and high reactivity (Figure 3). They can
covalently interact with amino acids cysteine, histidine and lysine,
DNA, phospholipids, protein, and sulthydryl groups (Ge¢gotek and
Skrzydlewska, 2019). Importantly, these aldehyde-induced DNA
modification as well as protein adducts play key features in the
growth and progression of cancer. Oral administration of HNE by
gavage has been found to induce significant increases of 2'-de-
oxyguanosine (dGuo) adducts of HNE (HNE-dGp-adducts) and
HNE protein adducts in different types of tumors, including liver,
lung, renal, colon and forestomach of rats (Barrera, et al., 2015;
Zarkovic, Jakovcevic, and Zarkovic, 2017). Hong et al. (2020) an-
alyzed a total of 62 urothelial carcinomas patients, and found that
acrolein-DNA (Acr-dG) levels were statistically correlated with
chronic kidney disease stages in urothelial carcinomas patients. On
the other hand, the formation of adducts affects protein function,
triggering different mechanism, such as proliferation, cell differ-
entiation and apoptosis, enhances resistance to cancer suppressor
drugs, and alters cancer progression, among others (Cherkas and
Zarkovic, 2018; Martin-Sierra et al., 2019).

The influence of dietary oxysterols on the incidence of can-
cer is still a controversial debate. As summarized by Kloudova-
Spalenkova et al. (2020), oxysterols not only play important roles
in carcinogenesis, proliferation, migration, apoptosis and multiple
signaling pathways, but also play many roles in cells in physiologi-
cal and pathological conditions thus modulating cancer therapy.
Besides, the involvements of oxysterols in hepatocellular carci-
noma, pancreatic, colon cancer, and breast cancer have also been
reviewed in recent years (Kovac et al.,2019; Nazih et al., 2020).
They concluded that the role of oxysterols in carcinogenesis is far
from being conclusive.

6. Mutagenicity

To date, some investigations have proven the mutagenic potential
of orally administered oxidized oils and LOPs. Hageman et al.
(1991) conducted a study to evaluate the mutagenicity of repeated
heated oils containing oxidation products of linoleic acid in rats.
Results showed that oral consumption the repeatedly heated oils at
a level of 10% (by weight) for 4 weeks increased urine mutagenic-
ity, and enhanced cell proliferation in the oesophagus of rats. Other
studies performed on frying oil obtained by the conventional frying
method showed that fatty acid oxidation products and their thermal
degradation products produced by deep frying have mutagenic ac-
tivity (Chen et al., 2003; Perez, Lopez de Cerain, and Bello, 2002).
Generally, severe abusive thermal processing conditions, such as
long heating times, high temperature, or overused heated oil, are
necessary to produce appreciable mutagenic activity.

For aldehydic LOPs, Wu et al. (2001) reported that four enal
compounds identified from the fumes of peanut oil at the dose
of 10 pg per plate were mutagenic to Sal/monella Typhimurium
TA98 and TA100, and the order of mutagenic activity was tt-DDE
> trans-trans-2,4-nonadienal (tt-2,4-NDE) > trans-2-decenal (t-
2-DCA) > trans-2-undecenal (t-2-UDA). Likewise, Dung et al.
(2006) reported that the major alkenal mutagenic compounds
(tt-DDE, tt-2,4-NDE, t-2-DCA and t-2-UDA) from heated three
cooking oils (soybean oil, sunflower oil, and lard) induced signifi-
cant oxidative DNA damage by the 8-hydroxy-20-deoxyguanosine
formation in A-549 cells at the concentrations from 50 to 200 pg/
mL, which suggested that these aldehydes are generally both mu-
tagenic and carcinogenic. Gruz et al. (2017) reported that both
HNE and 2-hexenal induced base substitutions in the 74704 and
TA100 Ames strains in a dose-dependent manner. Besides, in the
review summarized by Eckl and Bresgen (2017), the mutagenici-
ties of 2-hexenal, 2-heptenal, 2-octenal and 2-nonenal have been
previously evaluated in bacterial systems, and each of these was
found to exert significant effects at umol/L concentrations. The
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mutagenicity of MDA and acrolein tested in mammalian cell lines
in the thioguanine resistance test and in the Ames test with differ-
ent strains.

7. Hepatotoxicity

Substantial evidence shows that oxidized oils have hepatotoxic
property, and animal studies have shown that they can induce
varying degrees of liver damage regardless of short or long ad-
ministration periods. These oxidized oils can disturb hepatic redox
equilibrium and induce significant changes in the gene expres-
sions related to fatty acid composition in animals (Ambreen, Sid-
diq, and Hussain, 2020; Ringseis and Eder, 2011). For example,
Ringseis and Eder (2011) summarized the phenotypic changes and
molecular mechanisms of lipid metabolism observed in oxidized
oil feeding studies. They pointed out that oxidized oil played an
important role in fatty acid synthesis, cholesterol homeostasis and
lipoprotein metabolism. The gene expressions or activities of fatty
acid synthase (FAS), peroxisome proliferator-activated receptor
o (PPARa), sterol regulatory element binding protein (SREBP),
glucose-6-phosphate dehydrogenase (G6PDH), acyl coenzyme
A (CoA) oxidase or cytochrome P450 (CYP)4Al in the liver of
rats were regulated. However, whether LOPs are the specific toxic
compounds that exert hepatotoxicity remains unclear.

Aldehydes can be absorbed into the circulatory system, subse-
quent accumulate and harm various body tissues, particularly the
liver (Grootveld et al., 1998). According to the results presented
by Kanazawa et al. (1998), radio-labelled hexanal and HNE accu-
mulated in the liver of rats with a slight hepatic hypertrophy after
administration with radio-labelled hydroperoxides of linoleic acid.
Kang and co-authors found that oral daily exposure to HNE (0.5
mg/kg) for 28 days produced hepatotoxicity in rats, as evidenced
by significant alterations in serum albumin, serum total bilirubin,
and aspartate aminotransferase (AST) activity (Kang et al., 2011).
In addition to HNE, Gokge et al. (2020) reported that consumption
of acrolein (4 mg/kg) for 7 days by gavage induced liver tissues
apoptosis in rats, as evidenced by chromatin condensation in the
nucleus of hepatocytes, dilatations in the perinuclear space, and
cytoplasmic vacuolization.

8. Conclusions

Consideration of the popularity of processed and fried foods and
the wide-spread consumption of fast foods, the investigation of the
effects of dietary LOPs on health is becoming increasingly impor-
tant. The collected evidence suggests that the formation of LOPs
not only reduces lipid nutritional properties but also represents a
risk to human health. Nevertheless, due to the extremely complex
processes in the human body, more systematic research about the
effects of LOPs on human health are needed, such as the protec-
tion of antioxidant enzymes, the interaction of other components
in diet, the role that intestinal flora plays in this process, and the
effective method of inhibiting lipids oxidation.
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