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Highlights 

• 4-HNE plays important roles in pathophysiology of major stress-associated diseases 
• 4-HNE affects signaling pathways in concentration- and cell-type dependent manner 

• Pathophysiological effects of 4-HNE mostly involve relevant protein modifications 
• Current pharmacological designs are unaware of pathophysiological roles of 4-HNE 
• Integrative biomedicine should tackle the pathophysiology of 4-HNE signaling 

 
 
Abstract 
Modern analytical methods combined with the modern concepts of redox signaling revealed 4-
hydroxy-2-nonenal (4-HNE) as particular growth regulating factor involved in redox signaling under 
physiological and pathophysiological circumstances. In this review current knowledge of the 
relevance of 4-HNE as “the second messenger of reactive oxygen species” (ROS) in redox signaling 
of representative major stress-associated diseases is briefly summarized. The findings presented 
allow for 4-HNE to be considered not only as second messenger of ROS, but also as one of 
fundamental factors of the stress- and age-associated diseases. While standard, even modern 
concepts of molecular medicine and respective therapies in majority of these diseases target mostly 
the disease-specific symptoms. 4-HNE, especially its protein adducts, might appear to be the 
bioactive markers that would allow better monitoring of specific pathophysiological processes 
reflecting their complexity. Eventually that could help development of advanced integrative 
medicine approach for patients and the diseases they suffer from on the personalized basis 
implementing biomedical remedies that would optimize beneficial effects of ROS and 4-HNE to 
prevent the onset and progression of the illness, perhaps even providing the real cure.    
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Introduction 
For many decades reactive aldehydes represented by the “substance reactive with thiobarbituric acid” 
(TBARS) were considered mostly as toxic by-products (or the end products) of oxidative degradation 
of lipids, notably of poly-unsaturated fatty acids (PUFAs). However, the last years brought many 
important changes increasing substantially our knowledge in the fields of oxidative stress research 
and lipid (per)oxidation. Modern analytical methods combined with the modern concepts of redox 
signaling revealed in particular 4-hydroxy-2-nonenal (4-HNE) as growth regulating factor involved 
in redox signaling under physiological and pathophysiological circumstances. Therefore, in this 
paper the authors shortly summarize current knowledge of the relevance of 4-HNE as “the second 
messenger of reactive oxygen species” (ROS) in redox signaling of representative major stress-
associated diseases.      
 
4-HNE, a bioactive marker of oxidative stress 

While ROS, were firstly perceived as detrimental inducers of different diseases, such as cancer, 
nowadays, their importance in redox signaling and proper cellular functioning cannot be neglected as 
well. As recently suggested, different signals/stressors sensed by cells (both normal and malignant) 
urge them to coordinate their response to these signals, and ultimately direct their fate into decay or 
survival, even enhanced growth. Production and fine balance of ROS that will specifically target 
necessary signaling pathways seem to be a substantial mechanism involved. Thus produced ROS are 
not just orchestrating the fate of the cells that produced them but also other cells within the tissue [1]. 
In this context, ROS are acting as signaling molecules that modify specific, mainly cysteine, residues 
of a target protein to regulate cellular processes from proliferation to differentiation and apoptosis. 
The types of ROS and the vicinity of the target protein determines whether signal will be translated 
further. Therefore, their production and fine-tuning is intertwined with the metabolism and 
antioxidative machinery. Beside proteins, ROS can also affect other macromolecules such as lipids 
and DNA.  

Oxidation of lipids results in a generation of reactive aldehydes, such as 4-HNE, in a process 
known as lipid peroxidation. 4-HNE is considered as a secondary messenger of ROS with a broad, 
highly concentration-dependent and cell/tissue-specific, regulatory functions. Its pleiotropic mode of 
action involves its three functional groups (carbonyl group, C=C double bond, and hydroxyl group) 
in reactions with different macromolecules such as proteins, DNA and lipids [2–4]. Once formed, 4-
HNE is rapidly metabolized by forming adducts with glutathione (GSH) (direct or catalyzed by 
glutathione S-transferases (GST)); by oxidation to 4-hydroxy-2-nonenoic acid catalyzed by aldehyde 
dehydrogenases (ALDH); by reduction to 1,4-dihydroxynonene (DHN) catalyzed by alcohol 
dehydrogenase (ADH); by reduction of 4-HNE and GSH-4-HNE to GSH-DHN by several members 
of the aldo-keto reductase family such as aldose reductase (AR) [5,6]. Detoxification mechanisms 
vary among different cell/tissues. Therefore, levels of 4-HNE (and consequently its bioactivities) 
depend on the severity of oxidative stress, the structure of PUFAs, their content and distribution, 
especially of ω-6 PUFA: linoleic and arachidonic acids, and the levels of the 4-HNE-metabolizing 
enzymes and GSH. Thus, in a concentration-dependent manner, 4-HNE can act as a cytotoxic, 
genotoxic and mutagenic agent or as a signaling molecule that is known to regulate proliferation, 
differentiation, apoptosis, senescence, autophagy and cell cycle arrest (reviewed in [3,4,7,8]). 



The abilities of 4-HNE to act as a signaling molecule rely on its covalent binding to proteins 
and changing their activity. Hence, the reactions of this particularly reactive aldehyde are rather 
selective, preferring some amino acid residues over others with different reactivity among them, 
which is a modified signaling protein-dependent as well. Cysteine (Cys), histidine and lysine 
residues of proteins are the predominant targets of 4-HNE’s binding to proteins and Michael 
adduction being preferred modification over Schiff base adduction [9,10]. Cys residues are the main 
targets for 4-HNE induced protein modifications, although it also forms adducts with other amino 
acids like Histidine and Lysine but with lower affinity [11]. Today, numerous targets for 4-HNE 
adduct formation have been identified [5]. 
 
4-HNE can mediate redox signaling pathways 
 

Redox signaling is needed for the normal physiology of cells but is also involved in a variety of 
pathophysiological processes [12]. Mechanisms of redox signaling comprise of reversible oxidation 
and reduction of molecules involved in cellular signaling pathways or covalent modification of 
signaling proteins by ROS such are peroxides or reactive aldehydes represented by 4-HNE [13].  

Redox signaling depends on the kinetics, concentration, and location of reactive species and 
target molecules. The diffusion distance of reactive species is of particular importance for ROS, such 
is hydrogen peroxide (H2O2), that have shorter lifetime than reactive aldehydes like 4-HNE [14]. 
This is particularly evident in the process of inflammation where a variety of ROS are produced 
during oxidative burst of granulocytes. Thus, depending on the amount and location of released ROS 
during respiratory burst of granulocytes, ROS may have opposite effects, such as tumor promotion or  
suppression [15,16], while 4-HNE may be of crucial importance for understanding such a complex 
pathophysiology of oxidative stress in cancer development. Namely, in the vicinity of the cellular or 
extracellular lipids containing PUFAs, granulocyte derived ROS can induce 4-HNE formation. In a 
manner of positive feedback loop, at higher concentrations 4-HNE can further modulate oxidative 
burst of granulocytes through modification of glyceraldehyde 3-phosphate dehydrogenase and 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase that regulate redox signaling 
suppressing ROS formation [17]. However, such effects were not observed for the lower 4-HNE 
levels [18]. Complexity of the opposing regulatory effects of 4-HNE depending on its amount and 
the availability of target macromolecules has been revealed in different pathophysiological 
processes. For example, the 4-HNE mediated neovascularization has concentration dependent effects 
on redox signaling in a way that low levels of 4-HNE (≤ 1 µM) provoke neovascularization via ROS 
and activation of sphingolipid pathway, while higher concentration does not have such effects [19]. 
Similarly, the recent study by Dodson and colleagues has shown that at low concentration (5 – 10 
µM) 4-HNE specifically targets and modifies proteins involved in the initiation of autophagy, such 
are mTOR and Beclin1 [20]. On the contrary, at higher concentration 4-HNE (≥ 15 µM) suppresses 
autophagy while it targets mitochondrial adenosine triphosphate (ATP) synthase inducing 
mitochondrial dysfunction [20]. 

Furthermore, we have recently reported that 4-HNE at low concentrations (< 1.2 µM) 
cooperates with singlet oxygen to inactivate membrane-associated catalase specifically in malignant 
cells, while at higher concentration 4-HNE is able to directly inactivate both membrane-associated 
and cytoplasmic catalase in a cascade of cytotoxic events that destroy malignant cells through 



apoptosis or necrosis [21]. The 4-HNE mediated redox signaling in carcinogenesis will be discussed 
in detail later in this paper. 

Redox signaling also has a detrimental role in reproductive biology. Ageing oocytes 
accumulate ROS and are thought to represent main contributors for oocyte health deterioration. 
Indeed, increased ROS levels promote 4-HNE generation in oocytes in a concentration dependent 
manner. Elevated 4-HNE further promotes cytosolic ROS production in oocytes and also covalently 
binds to tubulins affecting oocyte health and meiotic development [22].  Interestingly, in a similar 
manner 4-HNE affects budding of the single-cell organism of Saccharomyces cerevisiae [23], while 
in human fetal development it 4-HNE-protein adducts could also accumulate in placenta thus 
affecting the growth of fetus [24] . 

One of the primary sensors and oxidative stress regulators is nuclear factor erythroid 2-related 
factor 2 (Nrf2). Inactive Nrf2 is normally present in the cytoplasm sequestered by Kelch-like ECH-
associated protein 1 (Keap1). After direct attack of ROS or in the presence of 4-HNE, Nrf2 is 
released from Keap1 repression, and rapidly translocates to nucleus [25,26]. These effects are 
attributed to 4-HNE modification of Keap1 Cys151 and Cys288 altering Keap1 structure and Nrf2 
repression [27]. Nrf2 in the nucleus binds to antioxidant response elements triggering expression of 
antioxidative and phase II drug metabolizing/detoxifying genes, among which the redox signaling 
mediators are heme oxygenase-1 (HO-1), thioredoxin (TRX), thioredoxin reductase (TrxR), 
glutamate cysteine ligase (GCL) and γ-glutamyl transpeptidase (GGT). Both, HO-1 and TRX are 
antioxidant proteins while GCL and GGT are the key players in the GSH synthesis, homeostasis and 
metabolism [4,26,28–30]. Additionally, GGT can also be induced via 4-HNE activated p38 mitogen-
activated protein kinase (p38MAPK) pathway [31]. Recent study demonstrated that uncoupling 
protein (UCP)-3 expression in cardiomyocytes, also under control of Nrf2 transcription factor, is 
triggered by 4-HNE altering cellular bioenergetics [32]. Beside modulation of p38MAPK pathway 
the role of 4-HNE in the regulation of other kinase signaling pathways has been well documented 
[33,34]. 
 

Table 1. Some redox signaling pathways mediated by 4-HNE in a concentration- and cell-type 

specific manners. 

Cell type 
4-HNE 
conc Effect / Target Mechanism Reference 

THP-1 20 µM Tissue factor 
Decryption via mtROS formation 
and TRX inhibition 

[35] 

MKN-45 and PC-3 <1.2 µM Membrane-
associated 
catalase 

Inactivation via tumor-derived 
ROS and formation of 1O2 [21] 

  1.2 - 10 µM Direct inactivation 

HMEC-1 0.5 - 1 µM 
Angiogenesis 

Neovascularization through 
redox-dependent sphingolipid 
pathway [19] 

  2.5 - 20 µM No effect 

Granulocytes (rat) 12.5 µM 
Oxidative burst 

No effects [18] 

Granulocytes (human) 30 µM Inhibition  [17] 



Isolated mitochondria 35 µM 
Mitochondrial 

uncoupling 
Activate through UCPs and ANT [36], [37] 

SAEC 25 µM 
Mitochondrial 
dysfunction 

Reduces ∆ψm, oxygen 
consumption and inhibits TRX 
while promotes mtROS 

[38] 

IEC-6 80 µM 
Apoptosis 

Induces apoptosis via ROS 
generation, MKP-1 degradation 
and ERK1/2 activation 

[39] 
IPEC-1 40 µM 

VSMC 1 - 30 µM Apoptosis Induces apoptosis through mtROS [40] 

VSMC 1 µM 
MMP 

production 

Induces MMP-2 via mtROS 
mediated AKT/NFκB signaling 
activation 

[41] 

Oocytes (mice) 5 - 20 µM 
Deterioration of 
oocyte health 

Increases cytosolic ROS and 
bounds to tubulins 

[22] 

Primary Neurons 

5 - 10 µM 

Autophagy 

Activation of neuron autophagy 
targeting proteins involved in 
autophagy initiation 

[20] 

≥ 15 µM 

Inhibition of autophagic flux and 
induction of mitochondrial 
dysfunction targeting ATP 
synthase 

BAECs 1 µM 
Antioxidant 

defense 

Modification of TRX1 affecting 
redox balance and promoting 
monocyte binding 

[42] 

Primary subcutaneous 
preadipocytes (human) 

10 µM Adipogenesis 
Induces ROS, catalase activity, 
and impairs adipogenesis 

[43] 

BAECs - Bovine aortic endothelial cells; HMEC-1 - Human microvascular endothelial cells; IEC-6 - 
rat small intestine epithelial cells; IPEC-1 - Intestinal porcine epithelial cell; MKN-45 - Human 
gastric adenocarcinoma cells; PC-3 - Human prostate adenocarcinoma cells; SAEC - Human small 
airway epithelial Cells; THP-1 - Human monocytic cells; VSMC - Vascular smooth muscle cells. 
 
Mitochondrial redox signaling modulated by 4-HNE 
 

Mitochondria have the central role in cellular bioenergetics and are also one of the main sites 
of cellular ROS production [44]. Mitochondrial ROS (mtROS), in the form of superoxide (O2

•–) are 
formed during oxidation of electron transport chain metabolic intermediates. Beside, α-ketoglutarate 
dehydrogenase complex, pyruvate dehydrogenase complex, branched-chain keto acid 
dehydrogenase, 2-oxoadipate dehydrogenase and sn-glycerol-3-phosphate dehydrogenase also 
contribute to significant amounts of mtROS in specific tissues [45–47]. The levels of mtROS can 
also to some extent be affected by other factors such are protein S-glutathionylation [48] and the 
level of mitochondrial membrane potential (∆ψm) [49,50]. Another main source of cellular ROS 
production are NADPH oxidases (NOXs). The NOX-derived cytosolic ROS, including H2O2 or 
mtROS, can activate redox-sensitive kinases and promote further ROS generation either in the 
cytosol or mitochondria [51,52]. The NOX4, on the other hand, is localized in the inner membrane of 
mitochondria where it directly contributes to onset of mtROS [53]. The O2

•– and H2O2 are the main 
mtROS, and their overall concentration is modulated by delicate antioxidant defense system. 
Majority of O2

•– is rapidly removed by superoxide dismutase (SOD) enzymes yielding H2O2 [54], 



that can further be degraded via either GSH and Trx-2 systems or catalase [46,55,56]. Excess mtROS 
can damage mitochondrial macromolecules and impair normal mitochondrial function [55]. 
Mitochondrial phospholipids that contain PUFAs, among which is cardiolipin, are one of the main 
mtROS targets resulting in formation of 4-HNE [57]. Bioactive 4-HNE can modulate a number of 
mitochondrial signaling pathways either directly or indirectly through covalent modification with 
macromolecules, such are proteins altering their structure and function [11]. Experiments on isolated 
mitochondria, reported that 4-HNE induces mitochondrial uncoupling through UCPs and the adenine 
nucleotide translocase (ANT) mitigating excessive mtROS production [36,37]. However, high ∆ψm 
is required before 4-HNE can trigger the mild uncoupling [58]. Interestingly, 4-HNE was shown to 
reduce, in a concentration-dependent manner, ∆ψm of small airway epithelial cells (SAEC) 
mitochondria [38]. The same study also demonstrated that 4-HNE reduces mitochondrial oxygen 
consumption and TRX, while it promotes mtROS. In addition 4-HNE induced mtROS formation and 
inhibited TRX system affecting phosphatidylserine externalization leading to induction of tissue 
factor decryption from cryptic to prothrombotic [35]. Especially important role of 4-HNE on mtROS 
generation of vascular smooth muscle cells (VSMC) has been well documented [40,41]. Namely, 
depending on the levels of 4-HNE, the 4-HNE-induced mtROS generation can mediate apoptosis of 
VSMC [38] or affect serine/threonine kinase (AKT)/nuclear factor κB (NFκB) signaling pathways 
enhancing matrix metalloproteinase (MMP)-2 production [35]. In an excellent review, a range of 4-
HNE induced vascular cells redox signaling effects have been summarized, as well as 4-HNE roles 
in the pathogenesis of vascular diseases [59]. 

 
Metabolic syndrome and 4-HNE signaling 
 
Pancreatic β-cells are particularly vulnerable to excessive ROS as they express lower levels of 

antioxidant defense systems (e.g. SOD and catalase) compared to other cells [60]. Nevertheless, 
although key proteins necessary for normal cellular functions are sensitive to excessive ROS, redox 
signaling is crucial for normal insulin secretion and β-cell function. This has been described in 
details in a comprehensive review [61].  

Nutrient overload impairs ETC of mitochondria resulting in an overproduction of O2
•– and 

mitochondrial dysfunction [61]. Studies on cardiac cells suggested that harmful effects of high 
glucose - induced mtROS could be diminished by overexpression of mitochondrial peroxiredoxin-3 
[62]. Additionally, high glucose alters NADPH oxidase and lipoxygenases (LOXs) promoting 
intracellular ROS [63]. Glucose autoxidation and glycation of proteins also contribute to nutrient 
overload inducing oxidative stress [64]. Up to certain extent O2

•– and 4-HNE may induce mild 
uncoupling thus protecting β-cells from oxidative damage. Activated UCPs are also suggested to 
play role in insulin secretion in the state of nutrient overload [65]. A β-chain of F-ATP synthase, 
major cellular ATP producer, as well as FAD-containing subunit of succinate dehydrogenase are 
other mitochondrial targets of 4-HNE [66,67]. 

It was also shown that high glucose activates phospholipase A2, leading to hydrolysis of fatty 
acids in the membrane phospholipids of β-cells. Arachidonic and linoleic fatty acids are then 
released to the intracellular space where there are (per)oxidized to 4-HNE [68]. Nutrient overload 
also activates 12-LOX in pancreatic islets, thus catalyzing oxidation of PUFA-s and 4-HNE 
generation [69,70]. Insulin resistance and microvascular dysfunction are some of the key features in 
metabolic syndrome and 4-HNE was shown to play a role in both processes. In the former, 4-HNE 



compromises function of transient receptor potential vanilloid subtype-1 through Cys621, 
contributing to microvascular dysfunction in metabolic syndrome [71], which is a complex 
multifactorial process. 

Under very frequent alterations of systemic metabolic preconditions, such as obesity or insulin 
resistance, there is a strong inflammatory response within adipose tissue with interleukin (IL)-6 
being the major inflammatory mediator. Locally secreted IL-6 was reported to affect adipogenesis at 
least to some extent in progression of obesity-associated metabolic syndrome [72]. Inflammatory 
process further contributes to increased 4-HNE in metabolic syndrome via action of cyclooxygenases 
(COXs) [73]. The β-cells can tolerate up to 25 µM 4-HNE and retain normal glucose-stimulated 
insulin secretion [74], however at higher concentrations 4-HNE causes β-cell dysfunction [72,75]. 
The 4-HNE further enhances the activity of nuclear receptor peroxisome proliferator-activated 
receptor (PPAR)-β/δ [76–78] triggering the detoxification process through amplification of insulin 
secretion [67]. These data suggest an important adaptive response of β-cells to nutrient overload with 
4-HNE activated PPARδ as a key player [73].  

Adipocytes from insulin resistant individuals tend to accumulate more intracellular 4-HNE 
during in vitro differentiation process which could be attributed to lower levels of antioxidant 
defense systems [43]. Acute and chronic exposure to physiological 4-HNE decreases lipid content, 
promotes adipogenic and lipolytic gene expression and alters adipogenic proteins and adipokines in 
3T3-L1 adipocytes [79]. In adipose tissues 4-HNE induces activation of the protein kinase A and 
inhibition of AMP-activated protein kinase pathways contributing to obesity-related lipolytic 
activation [80]. 

Excessive 4-HNE promotes fatty acid synthesis and inhibits beta-oxidation of fatty acids 
leading to fat accumulation [78]. Furthermore, 4-HNE alters glucose and fatty acid uptake, elevates 
intracellular ROS and protein oxidation levels in adipocytes [81]. Proteomic studies revealed Cys117 
of adipocyte fatty acid binding protein as 4-HNE target, impairing its affinity for fatty acids [82]. 
Our recent studies on primary human subcutaneous preadipocytes derived from either insulin 
sensitive or insulin resistant individuals, provided new insights in regulatory role of 4-HNE. Acute 
and chronic preadipocyte exposure to physiological 4-HNE inhibited preadipocyte growth, impaired 
adipogenesis and promoted insulin resistance [77]. The 4-HNE downregulated key pro-adipogenic 
genes SREF1 and FASN, while it had opposite effect on antiadipogenic genes like fatty acid binding 
protein (FABP)-4. Moreover, exposure to 4-HNE reduced phosphorylation of Ser636 of insulin 
receptor substrate-1 (IRS-1) in differentiating human preadipocytes. In 3T3 L1 adipocytes 4-HNE 
was found to adduct to IRS-1/-2 promoting its degradation and a marked decrease [83].  

Modulatory role of 4-HNE in adipose tissue metabolic dysfunction associated with insulin 
resistance was later confirmed for the omental tissue derived preadipocytes as well [84]. We found 
that 4-HNE has adverse effects in vitro in case of adipocytes obtained from insulin-sensitive or from 
insulin-resistant patients, which might be related further to the therapeutic effectiveness of  
metformin, the natural-substance based medicament which acts through regulation of cyclic 
adenosine monophosphate and protein kinase activities. Complementary to that, recent study 
suggested that carnosic acid may improve 4-HNE-induced insulin resistance and inverse the 
inhibition of IRS-1 phosphorylation [85].  

In conclusion we propose 4-HNE to be considered as one of major etiopathogenic factors of 
the metabolic syndrome, because it might play important role in the cellular energy control and in 
systemic metabolic alterations building the vicious circle of obesity, diabetes mellitus and 



cardiovascular diseases as stress-associated diseases of the modern society. In favor of this 
assumption is also observed accumulation of 4-HNE originating from the oxidized low-density 
lipoprotein (oxLDL) in atherosclerotic blood vessels, as well as within and around blood vessels in 
the adipose tissue of patients with metabolic syndrome [84].  
 
 

Redox signaling pathways involving 4-HNE in cardiovascular disorders and related 
therapies 

 
Atherosclerosis is a disease of medium and large size arteries caused by progressive intimal 

accumulation of oxLDL and proliferation of arterial, i.e. VSMC. There are numerous risk factors of 
atherosclerosis including metabolic syndrome, hypertension, hypercholesterolemia, diabetes mellitus, 
cigarette smoking, obesity, stress, aging as well as gender and genetic susceptibility. The LDL-
oxidation generated lipid peroxidation products, in particular 4-HNE, modify proteins and other 
biomolecules of arterial wall inducing chronic inflammatory reaction. In thus generated advanced 
lesions endothelium breaks down and platelets aggregation with fibrin occurs in an inflammatory 
process associated with neovascularization of atherosclerotic lesions. The expansion of such lesions, 
together with thrombosis produce occlusion of the arteries and subsequent major atherosclerotic 
complications including ischemic heart disease, myocardial infarction, stroke, infarction of the other 
organs and gangrene of the extremities. 

Accordingly, the fundamental process of atherogenesis is peroxidation of PUFAs generating 4-
HNE and related protein-binding aldehydes within the lipid moiety of oxLDL as well as within the 
blood vessel wall. The 4-HNE, either produced by non-enzymatic peroxidation of PUFAs or by 
enzymatic reactions triggered by 15-LOX acts as major second messenger of oxidative stress 
generating reversible and irreversible advanced lipoxidation end-products (ALE) [86–88]. In normal 
arterial intima there are no immunohistochemically detectable ALEs, but in the central lipid core of 
atherosclerotic plaques, aldehyde adducts are detected by anti-HNE-lysine, anti-HNE-histidine [89–
93] and anti HOCl-modified-LDL antibodies [94,95]. HNE-histidine adducts are also expressed in 
VSMC of human aorta in age-related manner, but not in damaged elastic fibers in tunica media [96]. 

 As the plaque forms, the intima comprises growing VSMC and chronic inflammation based on 
activated and oxidized lipid-intoxicated macrophages (“foamy cells”), lymphocytes and connective 
tissue.  The change of arterial tissue structure in plaque results in hypoxia due to insufficient oxygen 
and nutrient diffusion from blood and increased metabolism of inflammatory cells, activates the 
hypoxia-inducible factor (HIF)/vascular endothelial growth factor (VEGF) pathway and subsequent 
neoangiogenesis within a plaque [97–101]. 

Such a complex inflammatory process showed the evidence for a significant role of Toll-like 
receptor 4 (TLR4) in the onset of innate immunity atherosclerotic inflammation, while 27-
hydroxycholesterol (27-OH) and 4-HNE enhance the production of interleukins IL-8, IL-1β and 
tumor necrosis factor α (TNF-α) and up-regulate metalloproteinase MMP-9 production by 
macrophages, through activation of TLR4/NFκB-dependent pathway, with a subsequent plaque 
instability and even its rupture [102]. 

Moreover, 27-OH and 4-HNE can promote up-regulation of COX-2 and membrane-bound 
prostaglandin E synthases with consequently increased production of prostaglandin E2 and inducible 



nitric oxide synthase (iNOS), leading to the release of nitric oxide, as observed in vitro for human 
pro-monocytic U937 cells [103]. 

Therefore, atherosclerosis is generally understood to be mainly the consequence of a 
complicated, chronic inflammatory process associated with different stages of plaque development. 
As mentioned before, neovascularization of the atherosclerotic plaque is an important 
pathophysiological process of atherosclerosis, similarly like neovascularization is one of major 
features of any persistent inflammatory processes. Colocalization of 4-HNE-adducts with CD31 in 
endothelial cells in neovascularization suggests relationship between low concentration of 4-HNE 
which stimulate formation of the tubes by human microvascular endothelial cells, through a redox-
dependent sphingomyelinase and sphingosine kinase-1 (nSMase2/SK1) pathway. That was also 
confirmed by the carbonyl scavengers hydralazine and bisvanillyl-hydralazone, which inhibit the 
nSMase2/SK1 pathway activation and tube formation. Interestingly, high concentrations of 4-HNE 
are not angiogenic, probably because at highly supraphysiological concentrations 4-HNE exerts 
rather cytotoxic than regulatory or stimulating effects [19]. 

Adrenomodulin (AM) is a member of the calcitonin superfamily that acts via calcitonin 
receptor-like receptor and the three receptor-activity-modifying proteins (RAMPs).  Expression of 
NADPH subunit, p67phox, was found to increase in the injured arteries of heterozygous knockout 
mice (RAMP2+/-) and drug-inducible endothelial cell-specific RAMP2-/- (DI-E-RAMP2-/-) mice. In 
addition, 4-HNE, RAMP2+/- and DI-E-RAMP2-/- are increased predominantly in neointima of 
injured arteries.  This suggests that endothelial RAMP2 may be a target for regulation of oxidative 
stress and that AM might exert protective effects against vascular injuries [104].  

Lipid peroxidation and ALEs play important roles in cardiovascular diseases, so they are used 
as biomarkers of illness and as potential therapeutic targets. The lipid sources in the cardiovascular 
diseases mostly originate from vascular tissue, including myocardium, as well as from epicardial 
adipose tissue and bloodstream (circulating lipoproteins and lipids). However, due to its important 
physiological role for so-called reverse cholesterol transport from the peripheral tissue to liver high 
density lipoprotein has mostly beneficial effects, while LDL is important for transport of the lipids to 
the cells, thus being the risk factor for the onset of the cellular lipid peroxidation. The endothelial 
injury causes the infiltration of oxLDL-cholesterol into the intima where its progressive oxidation 
leads to formation of oxysterols and core-aldehydes in the intimal plaque.  

Statins are one of the most important medicaments used to reduce danger of cardiovascular 
diseases. In addition to their lipid-lowering effect, statins exhibit non-lipid lowering, so-called 
“pleiotropic” effects based partly to their antioxidant properties. Essentially statins inhibit hydroxyl-
methyl-glutaral coenzyme A reductase (HMG-CoA), which acts by synthesizing L-mevalonat from 
HMG-CoA. After multi-step process of conversion mevalonate finally serves as precursor for 
synthesis cholesterol.  Mevalonate synthesis pathway occurs mostly in hepatocytes, but it is also 
active in the cells of cardiovascular system. Statins inhibit prenylation of small GTPases in cells of 
the cardiovascular system, where they also display a pleiotropic effect independent of their lipid 
lowering effect. Namely, in healthy subjects treated with hydrophilic statin rosuvastin, reduced levels 
of C-reactive protein independently of any effect on LDL levels were observed, while in human 
endothelial cells of the coronary arteries statin treatments were found to be efficient against the 
oxLDL-induced formation of lipid membrane rafts and reduction in superoxide anion generation 
[105].  



Statins suppress NOXs activities in the vascular wall and reduce expression of NOX1 with 
subsequent translocation of Rac1 and reduced generation of superoxide anion. On the other hand, 
statins could downregulate p47 phox and p22 phox protein levels by increasing PPARa activity [106] 
in parallel enhancing vascular eNOS expression, on transcriptional and posttranscriptional levels 
[107]. 

Accumulation of oxLDL in a core of atherosclerotic plaque is accompanied not only by 
productions of ALEs but also of advanced glycoxidation end products (AGEs) and the adducts od 
oxidized phosphatidylcholine with ApoB-100, the major protein of LDL, which modulate the 
lipoprotein uptake by inflammatory (macrophage) cells [108]. Prevention and inhibition of AGE 
formation in oxidative stress-based diseases like atherosclerosis are part of several therapeutic 
strategies targeting different levels of AGE formation and catabolism [109]. Inhibition of the AGE 
formation could be possible also indirectly by some antioxidants or metal ion chelators or directly 
quenching reactive carbonyl species (RCS) [109]. 

Antioxidants are xenobiotics such as natural flavonoids and antioxidant micronutrients (β-
carotenes, retinol, vitamin E, and vitamin C).  Hydrophilic vitamin C is effective in trapping oxygen, 
nitrogen and sulfhydryl radicals also acting through reduction of the lipid hydroperoxides, 
complementary to the hydrophobic vitamin E, which acts as scavenger of lipid peroxyl radicals. 
Hence, vitamin C can recycle thus generated tocopherol radical back into the bioactive vitamin E, so 
do GSH and lipoic acid [109]. Piridoxamine (PM), a natural form of vitamin B6, is carbonic 
quencher that my prevent production of ALE and AGE [110], while it also prevents modification of 
lysine residues on the RNAse-treated with oxLDL in the model of cooper-catalyzed lipid (LDL) 
peroxidation [111]. PM acts also by directly trapping MDA modified serum albumin, thus under 
physiological conditions reducing generation of lipofuscin-like fluorescence [112]. In addition, 
modification of lysine residues on serum albumin by 4-oxo-nonenal can be decreased after treatment 
with PM [113], but it is not effective in case of albumin modification by 4-HNE, which is mostly 
binding to the histidine residues of the albumin. 

Pyrido indole derivatives, such as stobadine, have ability to scavenge oxygen radicals, quench 
singlet oxygen, repair oxidized base and to maintain oxidation of SH group by one electron donation. 
By conjugation of MDA and 4-HNE, stobadine was found to act against lipid peroxidation and 
consequential protein modification, so it has been postulated to act as cardioprotectant that may even 
correct hypertriglyceridemia and hypercholesterolemia in diabetic rats [114,115].   

ALEs can also be inhibited by metal ion chelators or agents that possess ability to chelate metal 
ion and inhibit lipoxidation reaction in cardiovascular disease. Many drugs are used in treatment of 
cardiovascular disease such as angiotensin-converting enzyme inhibitors, blockers of angiotensin 
receptor, inhibitors of aldose reductase, hydralazine, and other ALEs and AGEs inhibitors including 
carnosine, pyridoxamine and metformin [109,116]. The RCS quenchers reduce ALE forming 
covalent adducts with electrophilic carbonyl derivatives. Hence, GSH acts as endogenous antioxidant 
that makes covalent adducts with electrophilic compounds eventually generating mercapturic acid. 
The quenching activity of GSH could be also catalyzed by GST that are up regulated during 
detoxification of 4-HNE and related reactive aldehydes [117]. Similarly, N-acetyl-cysteine (NAC), a 
precursor of GSH, is often used in animal models to reduce reperfusion injuries in acute myocardial 
infarction [118] also reducing MDA production and myocardial fibrosis in compensated left 
ventricular hypertrophy during heart failure [115,119]. Moreover, NAC inhibits oxLDL-induced 
endoplasmic reticulum stress in human endothelial cells [120] and in LDL-receptor knockout mice 



attenuates atherosclerosis and reduces LDL oxidation itself, consequently being able to stabilize 
atherosclerotic plaques  in ApoE deficient mice [121].  

Carnosine is a dipeptide of β-alanine and histidine with RCS scavenging properties showing 
also strong metal ion chelation in vivo and in vitro [122]. Carnosine directly binds to α,β-unsaturated 
aldehydes such as 4-HNE [123,124]. Carnosinase-resistant analog, carnisolon, displayed higher 
scavenging potency and selectivity then carnosine in reduction of 4-HNE adducts in atherosclerotic 
plaque in ApoE-null mice model, as it protected VSMCs in vitro from the 4HNE-induced injury 
[125]. Carnosinol in a dose dependent manner attenuated also formation of 4-HNE adducts in 
skeletal muscle and liver while modifying also dyslipidemia, insulin resistance, steatohepatitis and 
inflammation [126]. 

Vasodilator and antihypertensive drugs such hydralazine can also have excellent 4-HNE 
scavenging activity. Hydralazine traps 4-HNE and reduces formation of 4-HNE adducts on the 
platelet-derived growth factor receptor-β in VSMCs treated in vitro with oxLDL, and in vivo in 
aortal atherosclerotic plaque of hypercholesterolemic rabbits [127]. 

While intracellular degradation of ALEs has been mainly reported to be a proteasome-
dependent process [128], some studies reported degradation based on lysosomal degradation or 
proteases’ activity [129]. Carnosine can directly react with ALEs leading to formation of carbonyl-
carnosine adducts, which make crosslink with unmodified proteins such proteasome components 
dues enhancing degradation of ALEs, also modulating NO, known to act like activator of proteasome 
activity [122,130]. 

Finally, it should be mentioned that inactivation of oxidized phospholipids with modified form 
of natural IgM E06 antibodies could reduce inflammation associated with atherosclerosis [130]. 
Therefore, expanding knowledge on signaling in oxidative stress in cardiovascular diseases proposed 
several available therapeutic strategies for integrative biomedicine treatments of cardiovascular 
diseases in the future.  

Of course, the same may be stated also for the other diseases, in particular chronic stress- and 
age-associated diseases, the most of which are degenerative. Among these, neurodegenerative 
diseases deserve particular attention. 
 

4-HNE involvement in redox signaling pathways of neurodegenerative diseases and 
respective therapies 

 
Neurodegeneration, stroke and brain tumors are closely tied to oxidative stress due to high 

levels of ROS found in these severe diseases of the central nervous system (CNS) [131]. However, 
answer to the question whether ROS were preceding these brain diseases or are mere a pathological 
consequence remains still open. By looking at ROS only as deleterious metabolic by-products which 
need to be detoxified, one would easily find explanation for elevated ROS levels in brain diseases 
due to its susceptibility to oxidative stress. Often, this susceptibility is corroborate with major brain 
biochemical characteristics (e.g. high PUFA and iron content, high oxygen consumption, low 
antioxidant defense, etc.), but almost never with redox signaling [132]. However, ROS play 
physiological roles in CNS development through controlling proliferation and stemness of neuronal 
progenitor cells [133], regulation of neuronal polarization, connectivity and plasticity [134,135], and 
axonal pathfinding and regeneration [136]. 



Besides ROS, numerous physiological processes of the brain necessitate metal ions like 
calcium, potassium, sodium and zinc, but also redox metals – iron and copper, which are constitutive 
parts of numerous brain proteins as well as signaling molecules [137]. Under homeostatic conditions, 
ROS and redox metals in the fine interplay assure proper functioning of the brain. When this balance 
is disrupted, oxidative stress occurs leading to ferroptosis as cell becomes overwhelmed with toxic 
oxidative metabolites. Ferroptosis, as a new form of cell death dependent on iron and ROS with 
intense membrane lipid peroxidation as a main characteristic [138], is being recognized as a leading 
process in the progression of neurodegenerative disorders [139]. Lipid peroxides that are 
accumulating during ferroptosis, especially 4-HNE, modify primarily proteins thus altering signaling 
pathways involved in proper cellular functioning and contributing to pathogenesis of 
neurodegeneration [140–142].  

 
Overview of two most common neurodegenerative diseases 
 
Neurodegeneration is usually defined as the ‘large group of neurological disorders with 

heterogeneous clinical and pathological expressions affecting specific subsets of neurons in specific 
functional anatomic systems that arise for unknown reasons and progress in a relentless manner’ 
[143]. The most common neurodegenerative disease (ND) is Alzheimer’s disease (AD), followed 
with Parkinson’s disease (PD), multiple sclerosis, amyotrophic lateral sclerosis, Huntington’s disease  
and others. All of the mentioned ND share common characteristics including neuroinflammation, 
oxidative stress, impaired mitochondrial function, deposition of aggregated proteins and high levels 
of metals [144]. Due to different mechanism underlying each ND, approved therapies are 
mechanistically specific and extensive, so the attention of this review will be on the two most 
common neurodegenerative diseases – AD (Figure 1.) and PD (Figure 2.). 

 
Alzheimer’s disease 
 
Pathological hallmarks of AD include synapse and neuronal loss, formation of extracellular 

senile plaques with amyloid β as major component, and intracellular neurofibrillary tangles 
constituted of hyper-phosphorylated tau proteins [145]. Abundance of oxidatively modified DNA, 
proteins and lipids in AD emphasizes the role of oxidative stress as an early event in AD 
development [146]. Recent research of Youssef and colleagues revealed increased accumulation of 
H2O2 in early stage of AD which activates Nrf2 [147]. Consequently, Nrf2 activates transcription of 
autophagy protein NDP52, which binds to phosphorylated tau protein and leads to its autophagic 
clearance [148]. Amyloid β through interaction with copper can also produce H2O2, thus acting as a 
prooxidant, while its soluble oligomers bind to N.methyl-D-aspartate (NMDA) receptor causing 
increased calcium influx, which impairs mitochondrial functions and again leads to increased ROS 
levels [149]. Furthermore, post mortem analysis of AD brains revealed high levels of zinc, cooper 
and iron in senile plaques implying potential role of metals in AD pathogenesis (reviewed in [150]). 
Namely, amyloid β protein precursor has two metal binding domains – the structural zinc-binding 
domain, and the functional copper-binding domain. Thus, zinc and copper are in focus of researcher 
evaluating the AD pathogenesis. Zinc binding to amyloid β, was found to induce precipitation of 
insoluble amyloid β aggregates, which further increases amyloid β neurotoxicity [151,152]. Besides, 
this could lead to impaired neuronal signaling due to reduced zinc levels at synaptic cleft [153]. 



Increased cooper levels in amyloid β plaques are tightly correlated with decreased intracellular 
copper levels and concomitantly with reduction of SOD [154], while increasing intracellular copper 
inhibits amyloid β accumulation and tau phosphorylation [155]. Known as metal most often acting as 
pro-oxidant in ROS generation, iron is also connected with AD pathogenesis. Several studies 
implicated iron in amyloid β production through furin activity. Namely, furin, an enzyme responsible 
for proper functioning of secretases, is lowered under high iron levels, thus contributing to 
production of amyloid β [156,157]. Metal dyshomeostasis that occurs during oxidative stress, 
enhances mitochondrial dysfunctionality thus closing viscous circle of continuous ROS production 
and increasing lipid peroxidation. Lipid peroxidation is an early event in AD pathogenesis confirmed 
by 4-HNE presence in the AD brains throughout the course of the disease. The 4-HNE-modified 
proteins in AD encompass proteins involved in energy metabolism, mitochondrial dysfunction, 
cytoskeletal integrity, antioxidant defense, excitotoxicity and neuronal communication (extensively 
reviewed in [158]). 

 
AD therapies 
 
The two main types of AD therapies include cholinesterase inhibitors (donepezil, galantamine 

or rivastigmine) to treat mild to moderate AD and NMDA receptor antagonist (memantine) for 
treating moderate to severe AD [159]. None of these medications truly cure AD, rather helps to 
relieve major symptoms.  

Cholinesterase inhibitors are first therapy due to presynaptic reduction of acetylcholine found 
in AD pathology. Donepezil is the most widely prescribed drug for AD treatment that inhibits 
hydrolysis of acetylcholine thus increasing its concentration in extrasynaptic space, leading to 
modest improvements of cognitive and behavioral functions in AD patient [159]. Besides, recent 
research revealed antioxidative properties of donepezil in AD patients. Namely, donepezil induces 
reduction of acetylcholinesterase level, protein carbonylation and protein oxidation, while increasing 
antioxidative defense in AD patients [160]. Interconnection of donepezil and 4-HNE was described 
by Jeong and coworkers on rat brain hippocampal neurons after pilocarpine induced seizure, where 
long term donepezil treatment resulted in reduced oxidative injury measured by decreased 4-HNE 
immunostaining and also by decreased neuronal death [161].  

Memantine is uncompetitive, voltage-dependent NMDA receptor antagonist that inhibits 
excessive calcium influx as a consequence of NMDA receptor overstimulation. In moderate to severe 
AD patients, memantine used alone or in combination with donepezil maintained superior cognitive 
performance and function [162]. Concerning the fact that amyloid β oligomers are inducers of 
NMDA receptor, memantine seems to be appropriate therapy. By blocking NMDA receptor, 
memantine suppresses overaccumulation of intracellular calcium ions which would consequently 
lead to increased ROS, thus acting as antioxidant [149]. Besides, memantine would block activation 
of NMDA receptor due to excessive glutamate accumulation originated as a result of 4-HNE-
modification and thereby inactivation of glutamate transporter EAAT2 [163]. 



 
Figure 1. AD neuronal degeneration overview. Redox environment of the brain, together with 
astrocytes and microglia contributes to neuronal degeneration in AD development and onset. 
Amyloid β oligomers bind to NMDR thus allowing increased calcium influx. High levels of 
intracellular calcium leads to mPTP opening due to mitochondrial dysfunction and increased ROS 
levels. In iron rich environment, ROS triggers lipid peroxidation resulting in 4-HNE increase. 
Additionally, activated microglia contributes to lipid peroxidation by secreting inflammatory 
cytokines and producing high ROS levels. 4-HNE accumulates in NFT and senile plaques, but also 
modifies main cellular proteins including: ATP-Syn leading to ATP decrease; SOD2 and Prx6 
leading to further ROS increase; Actine resulting in impaired cytoskeletal trafficking; EAAT2 thus 
blocking glutamate transport and resulting in glutamate increase in synaptic cleft. 4-HNE also 
potentiates β- and γ- secretase activity leading to amyloid β increase, which together with increased 
glutamate levels, keep NMDR active thus closing vicious circle. Accumulation of metals in senile 
plaques results in a decreased signal transmission, due to lowered zinc levels at synaptic cleft and 
decreased SOD1 activity due to decreased intracellular copper levels. Combined together, these 
processes lead to neuron degeneration and death. Memantine, as an approved AD drug, blocks 
NMDR, thus partially inhibiting and delaying neuronal degeneration. (Aβ – amyloid β; ATP-Syn – 
ATP synthase; mPTP – mitochondrial potential transition pore; NFT – neurofibrillary tangles; 



NMDR - N-methyl-D-aspartate receptor; EAAT2 – glial glutamate transporter; Prx6 – 
peroxiredoxin; Ca – calcium; Zn – zinc; Cu – copper; Fe – iron). 

 
 
Parkinson’s disease (PD) 
 
Parkinson’s disease is a neurodegenerative disease characterized bay premature selective loss 

of dopaminergic neurons and accumulation of Lewy bodies composed of misfolded α-synuclein 
[164]. Dopamine is an inhibitory neurotransmitter that in healthy brain regulates excitability of 
striatal neurons responsible for controlling balanced body movements. Since in PD brain 
dopaminergic neurons degenerate, dopamine levels are decreased thus resulting in diminished 
inhibition of neuronal activities. Dopamine metabolism includes several enzymes acting in a 
sequence, starting with oxidative deamination by monoaminoxidase (MAO), continuing with 
catechol-O-methyl transferase and ALDH to homovanilic acid as a main degradation product [165]. 
Besides, dopamine is susceptible to autooxidation in the oxygen presence yielding quinones. All of 
these reactions as byproducts have ROS which can further increase in the presence of redox metals. 
Dopaminergic toxicity could thus be triggered by dopamine itself through mitochondrial inhibition, 
ROS and oxidatively modified biomolecules, making oxidative stress a major hallmark of PD [166]. 
Reduced levels of GSH and decreased activity of the mitochondrial respiratory chain complex I 
found in post mortem analysis of PD brain support these facts [167,168]. The presence of 4-HNE in 
Lewy bodies of PD patients indicate its possible involvement with α-synuclein accumulation in PD 
pathogenesis [169,170]. In vitro studies revealed higher susceptibility of 4-HNE-modified α-
synuclein aggregates to form oligomers and insoluble fibrils than α-synuclein alone [171]. Moreover, 
4-HNE-modified α-synuclein showed higher toxicity on dopaminergic neurons in vitro than other 
cell types due to induction of intracellular ROS formation [172]. On the other hand, 4-HNE can 
contribute PD pathogenesis through impairing dopamine receptor function by acting directly on 
sulfhydryl groups at the binding site of the receptor [173]. 



 
Figure 2. PD neuronal degeneration overview. Oxidative stress, mitochondrial damage and α-
synuclein misfolding and aggregation are processes included in degeneration of dopaminergic 
neurons and the onset of PD. Misfolded α-synuclein binds to cell membrane creating pores through 
which calcium can freely enter the cell and accumulate at toxic levels. Calcium together with α-
synuclein causes mitochondrial damage and dysfunction through complex I inhibition that leads to 
increased ROS production and consequently lipid peroxidation and 4-HNE formation. The 4-HNE 
binds to α-synuclein thus making it more cytotoxic to cell, while α-synuclein oligomers aggregate 
and form Lewy bodies, which also accumulate 4-HNE and iron. In the environment rich in ROS and 
depleted of antioxidants (primarily GSH), neuronal damage progresses. The α-synuclein can also 
block dopamine release from vesicles, thus directly interfering with neurotransmission. On the other 
hand, 4-HNE can bind to sulfhydryl groups of dopamine receptor that result in blocking of dopamine 
binding and signal transduction. In such states, dopamine reuptake occur by presynaptic neuron 
where it can be degraded by MAO to DOPAL, recycled or oxidized to DA-quinone. The last process 
is the most damaging as it produces ROS as byproducts. To ensure neurotransmission dependent on 
dopamine, PD patients are receiving Levodopa as dopamine precursor and Rasagiline as MAO 
inhibitor in order to increase dopamine availability and assure signal transduction. (DA – dopamine; 
DOPAL – 3,4-dihydroxyphenylacetaldehyde; DT – dopamine transporter; DR – dopamine receptor; 
Ca – calcium; Fe – iron). 

 



PD therapies 
 
As in the case of AD, drug treatments in PD serve to relieve symptoms and postpone disease 

progression. Two major drug types are in use alone or in combination – dopaminergic drugs in order 
to restore dopamine levels (levodopa and carbidopa) and MAO-B inhibitors to maintain dopamine 
levels (selegiline, rasagiline) [174,175]. While outcomes of levodopa treatments are still 
contradictory [176], rasagiline was demonstrated to have neuroprotective properties that comprise of: 
mitochondrial protection through prevention of membrane potential decline; regulation of cell 
survival Bcl-2 family proteins; inhibition of MAO-B at transcriptional level and suppression of 
oxidative stress through increase of the antioxidant enzymes [177]. 

Neurodegenerative disorders are still major mystery in spite of huge progress in revealing 
mechanisms of their development and onset. One can be sure that oxidative stress and lipid 
peroxidation play an important role in the pathogenesis of the neurodegeneration. However, due to 
limitations in measurements at the site of the disease (within the brain) in the real time, it is difficult 
to undeceive causes from consequences of the disease. The most valuable information from post 
mortem brains should also be taken with caution, as personalized treatment protocols are mentioned 
very rarely for every patient. In addition, with our knowledge on antioxidative properties and redox 
implications of the approved drugs for ND treatment, question remains what is the real set of 
oxidative stress events in ND and respective therapies? Redox signaling implications in ND lead to 
presumption of antioxidant supplementation or iron chelation as promising adjuvant therapies. 
However, these strategies are still under trials and for now did not result in unambiguous benefits for 
patients.  

Finally, it should be said that iron, like many other pro-oxidants, has multiple beneficial 
effects, yet acting as a sword with the double age, from such points of view resembling also 
antioxidants. Therefore, essential principles of modern integrative and personalized medicine should 
be implemented to better understand, monitor, prevent and treat neurodegenerative diseases as stress- 
and age-associated diseases.    
  

4-HNE in redox signaling pathways of inflammatory diseases: The example of psoriasis   
 

As in case of ND, multifunctional pro-oxidants represented by iron can play fundamental role 
also in the skin diseases, often manifested by systemic stress response [178]. However, while 
translation models of neurodegenerative diseases and related brain disorders rely on the induction of 
intracerebral oxidative stress and lipid peroxidation, often resembling autoimmune processes, as in 
case of encephalitis, the specific complexity of these diseases in humans is based on the lack of 
functional systemic immune defense within the CNS. On the other hand, most of the major, 
especially chronic, human diseases comprise inflammatory and even auto-immune processes as 
essential component of their pathophysiology.     

Psoriasis - a chronic immune-mediated inflammatory disease, with not completely described 
etiology, is associated with hyperproliferation of skin keratinocytes, sometimes complicated by 
arthritis [179].  This disease affects 2-8% of the Western (USA and Europe) population [180]. The 
development and severity of the disease depends on genetic preconditions, various infections, 



exposure to xenobiotics, incorrect body mass index, stress, cigarette smoking, air pollution and other 
factors associated with inflammatory reactions [181–184]. 

 
Redox imbalance in psoriasis 
 
Under inflammatory conditions, activated phagocytic cells generate large amounts of ROS and 

reactive nitrogen species, while inflammation is also accompanied by hypoxia, with VEGF and 
angiogenesis upregulation that further promotes generation of ROS, as was observed also for 
psoriasis [185,186]. On the other hand, the increased generation of pro-oxidants is accompanied by a 
lower antioxidant capacity, manifested by a decrease of vitamins C and E, as well as the lowered 
levels/activities of GSH/TRX and GPX/TrxR, which are accompanied by high activity of SOD in 
plasma and in circulating immune cells [187–189]. Consequently, redox imbalance is observed in the 
peripheral blood of psoriatic patients, so thus generated ROS can oxidize membrane phospholipids 
containing PUFAs leading to the increase of lipid peroxidation products resulting from both 
oxidative fragmentation (4-HNE and MDA) and from cyclization (isoprostanes), the elevated levels 
of which were found in plasma, blood cells and synovial tissues of patients with psoriasis [189–191]. 
Therefore, many studies consistently indicate significant changes in the lipid profile of people with 
diagnosed psoriasis [189,191–193]. These changes concern not only the levels of individual 
compounds (mainly phospholipids, triglycerides, lipoproteins and cholesterol), but also the 
modification of their structure, including oxidative modifications and products of their metabolism 
[189,191,194]. Hence, it can be assumed that the development of psoriasis is associated with changes 
in the lipid metabolism, including peroxidation resulting from the disturbed interaction between the 
redox balance and inflammatory factors.  

Both ROS and 4-HNE can diffuse from the site of origin and on the way react with 
nucleophilic compounds, including lipids, proteins and DNA thus causing cellular damage important 
for the onset of inflammation, also modify cell signaling [195]. In particular the 4-HNE-protein 
adducts have been extensively examined as a biomarkers of oxidative protein modifications so their 
increased levels have been reported in various pathological states, including psoriasis and its arthritic 
form [189,191,196,197]. The immunological consequences of these interactions imply primarily the 
4-HNE-albumin adducts, to which autoantibodies have greater affinity than to the plain albumin, as 
was observed in patients with inflammatory diseases [198]. Because 4-HNE modifies also 
mitochondrial proteins participating in process of angiogenesis [199], this particular reactive 
aldehyde induces angiogenesis both through activation of the TLRs as well as by up-regulation of 
VEGF expression [200]. In addition, both inflammation and angiogenesis are regulated by 
transcription factors regulating redox balance. Therefore, modifications of oxidative stress can 
change the stability of blood vessels and the inflammatory response, as presented by the Figure 3.  

 
 



 
 
Figure 3. The involvement of 4-HNE as the signaling molecule in the blood and skin cells of 

psoriatic patients. 
 
Considering the fact that psoriasis vulgaris is associated with skin lesions, it is important to 

mention that 4-HNE also modulates proteins important in healthy functioning skin, such as fatty acid 
binding protein (including epithelial FABP), the level of which is strongly up-regulated in plasma of 
psoriatic patients [201], consequently enhancing the uptake, transport and cellular metabolism of 
fatty acid derivatives. As a result, increased expression of FABP leads to higher level of circulating 
anandamide, which is known as an anti-inflammatory messenger [202]. It was found that 4-HNE 
binding to FABP at Cys-120 modifies FABP to more stable form than unmodified ones [203], what 
suggests that 4-HNE additionally supports proinflammatory signaling (Figure 3). 

Moreover 4-HNE forms adducts with proteins involved in the catalytic activities of psoriatic 
patients that were not observed in the plasma, lymphocytes or keratinocytes from healthy individuals 
[197,204]. Among such proteins are: kinase 7 activated by 4-HNE, as well as Rho GTPase-activating 
protein 12, whose adducts with 4-HNE may stimulate neutrophil migration and disruption of the 
intercellular connections between the skin cells [197]. Moreover, the 4-HNE-protein adducts were 
found to act as factors promoting inflammatory interactions between lymphocytes and keratinocytes 
in case of psoriasis development [204].  

 
4-HNE in modulation of transcription factors in psoriasis 
 
The effectiveness of 4-HNE-cell signaling is mainly due to its capacity to regulate mitogen 

activated protein kinase (MAPK) pathways and the activity of redox-sensitive transcription factors 
such as Nrf2, activator protein 1 (AP-1), and NFκB. 

One of the main roles of 4-HNE in pathogenesis of psoriasis regarding stimulation of signal 
transduction is the aldehyde’s effect on the activity of kinases participating in MAPK, Janus kinase/ 
signal transducer and activator of transcription (JAK/STAT), and IκB kinase (IKK)/IκB/NFκB 
signaling pathways [205,206], the expression of which is highly increased in inflamed tissues, 
including psoriatic skin cells [207,208]. 4-HNE significantly increases the activity of these signal 
transduction cascades, what triggers cell response to transcription factors, cytokines, and other 



intercellular signal molecules, leading to cell proliferation, differentiation, and even apoptosis [195] 
(Figure 3). 

At the beginning of the inflammation, activation of immune cells can initiate downstream 
signalling pathways, through TLRs which activate transcription factors, such as NFκB and AP-1, that 
in turn induce pro-inflammatory gene expression, exert antimicrobial functions and recruit additional 
immune cells [209,210] and enhance the levels of mitochondrial ROS and 4-HNE, while decreasing 
the matrix metallopeptidases [200]. The nuclear transcription factor NFκB is the main regulator of 
the inflammatory response that drives the activation of genes associated with the transcription of 
inflammatory mediators, such as ILs, TNF-?? and prostaglandins, as well as inflammatory enzymes, 
like inducible nitric oxide synthase and COXs [211]. NFκB is constitutively activated in autoimmune 
diseases such as psoriasis [212]. In addition, ROS, as well as 4-HNE, can activate NFκB directly or 
indirectly through other stimuli such as TNF-?? [211,213]. The activity of NFκB components 
(RelA/p65, c-Rel, RelB, p50, and p52) is inhibited in the cytosol by IκB, however, the 
phosphorylation of IκB by IKK leads to IκB blocking and NFκB activation. Therefore, 4-HNE-
inducing stimulation of IKK additionally stimulates NFκB transcriptional activity and the onset of 
inflammation [34] (Figure 3). Because of that, there are many promising attempts to inhibit 
NFκB/IκB in psoriatic skin cells using natural antioxidants, whose action is likely based on 
inhibition of the 4-HNE-IKK interaction [214,215]. 

4-HNE was also found as an effective Nrf2/Keap1 pathway activator [32,195]. Nrf2 is widely 
distributed in skin cells and, as a transcription factor, is responsible for cytoprotective and 
antioxidant proteins expression [216]. Nrf2 level and activity are controlled mainly by its cytosolic 
inhibitor Keap1, however, in psoriatic patients Nrf2 is up-regulated resulting in keratinocyte 
hyperproliferation and accelerated differentiation [217]. That might be connected with increased 
level of 4-HNE that, by binding to Keap1, modifies its structure and disrupts its interaction with Nrf2 
resulting in prevention its ubiquitination and degradation [218]. Moreover, through the MAPK 
activation 4-HNE  leads to Nrf2 phosphorylation, which favors its nuclear translocation and 
transcriptional activity [219]. On the other hand, 4-HNE stimulates Nrf2 in keratinocytes by breaking 
“caveoles”, i.e. the membrane structures with the ability to bind proteins, what further stimulates the 
proliferation of these skin cells [220], leading to formation of the psoriatic plaques. 

 
The involvement of 4-HNE in decay of psoriatic cells 
 
 4-HNE acting as a signaling molecule at elevated levels can also lead to processes that 

directly or indirectly induce the stress-induced apoptosis [221] (Figure 3). It is well known that the 
main function in oxidative stress-induced apoptosis is performed by the transcription factor/tumor 
suppressor p53, the increased expression of which was found in keratinocytes isolated from the skin 
of psoriatic patients [222]. However, binding of 4-HNE to p53 may additionally stimulate its 
transcriptional activity thereby leading to cell apoptosis [223] consequently accelerating the death of 
epidermal cells and aggravating the symptoms of psoriasis.  

In addition, 4-HNE may affect apoptosis by modifying the structure and activity of heat shock 
proteins (HSPs), the levels of which increase in patients with psoriasis [224]. The 4-HNE modified 
HSP70 was found to reduce the expression of apoptosis-inhibiting X-linked inhibitor of apoptosis 
protein, which induces apoptosis [225]. 



The pro-apoptotic bioactivities of 4-HNE are based not only on up-regulation of pro-apoptotic 
factors but also on down-regulation of anti-apoptotic proteins, including B-Cell Lymphoma-2 (Bcl-2) 
[226], which level was found to be significantly lowered in psoriatic patients [227]. Furthermore, the 
above mentioned 4-HNE-induced activity of intracellular kinases leads to phosphorylation of Bcl-2 
at Thr56, Ser70 causing blockage of the antiapoptotic properties of this protein [228]. 

Another type of cells death observed in psoriatic patients is NETosis (neutrophil extracellular 
traps, NETs) [229]. Namely, it is well known that NETs created by neutrophils are involved in the 
development of psoriasis [230]. NETs are networks composed of extracellular fibers and DNA and 
are the first line of defense against infection that occurs by absorbing microbes, participating in the 
secretion of antimicrobials and killing extracellular pathogens, with minimal damage to host cells 
[231]. In the peripheral blood and skin of psoriatic patients formation of NETs is increased and 
correlates with disease severity [229]. It was demonstrated that oxidized phospholipids components 
are the most potent NETs inducers, while 4-HNE was also effective, yet less potent [232]. However, 
it seems that 4-HNE can also inhibit constitutive neutrophil apoptosis by reducing activation of 
initiator caspases as well as inactivation of caspase-3 by modification of its critical cysteine residue 
[233]. In addition, 4-HNE is known to inhibit as in negative-feedback manner neutrophil functions, 
including glycolysis, phagocytosis and the oxidative burst, although being generated by these 
inflammatory processes [17].    

 
Psoriasis treatments 
 
Not fully understood etiology of psoriasis limits current therapies to only alleviate symptoms 

by extinguishing inflammation or inhibiting skin cell proliferation. Because the development of 
psoriasis is associated with inflammation and oxidative stress, the primary severity of oxidative 
stress and lipid peroxidation causes the NFκB activation with cytokines and chemokines causing 
inflammation development, which in turn results in increased oxidative stress and its consequences. 
However, when inflammation is the primary event, it leads to oxidative stress and increased lipid 
peroxidation, which intensifies inflammation [234]. Therefore, in order to increase the effectiveness 
of pharmacotherapy of psoriasis, for many years compounds have been sought for simultaneously 
targeting oxidative stress and inflammation aiming to block their vicious circle. 

The usual pharmacotherapy of inflammation includes several classes of drugs, such as 
corticosteroids, nonsteroidal anti-inflammatory drugs and natural products, the most of which may 
reduce the level of oxidative stress by decreasing the onset of ROS/lipid peroxidation and/or by 
increasing the antioxidant capacity of the affected skin cells, while some can also directly reduce the 
biological activity of NFκB and/or directly modify the level of TNF-α [235,236]. Antioxidants such 
as SOD and NAC have been shown to inhibit oxidative stress and 4-HNE levels in synoviocytes, 
acting as ROS scavengers, while NAC-induced NFκB reduction was associated with reduced 
proinflammatory cytokine release and angiogenesis [190]. 

The therapeutic potential of other medical remedies, such as dimethyl fumarate, is associated 
with the induction of several antioxidant pathways increasing the levels of GSH, NAD(P)H quinone 
oxidoreductase 1, Nrf2, as well as acting anti-inflammatory by  lowering the levels of cytokines and 
adhesive molecules [237] (Figure 4). 

However, the action of many drugs used to treat psoriasis shows an unexpected effect on the 
lipid peroxidation process (including 4-HNE generation). Commonly used cyclosporin that acts by 



inhibition of membrane transport proteins has been found to act also as factor enhancing 4-HNE 
level in plasma [238]. Similarly, even topically used dithranol (anthralin) by its prooxidative effects 
causes formation of superoxide anion and H2O2, which stimulate proinflammatory cytokines 
following NFκB activation [239]. 

Similar situation occurs also when using physical therapeutic agent, ultraviolet radiation (UV) 
(UVA and UVB light), aiming to increase the effectiveness of pharmacotherapy of psoriasis vulgaris, 
which, in turn, may be destructive for the skin, even leading to cancer [240]. Both of these types of 
irradiation produce different biological effects including ROS and 4-HNE enhanced generation 
[241]. On the other hand, UVA and UVB irradiation have been shown to decrease presentation of 
antigens, resulting in diminished T-cell responses and inflammatory suppression [242] (Figure 4). 

 

 
 
Figure 4. The examples of psoriasis treatment and their impact on 4-HNE level. 
 
The other drugs based on anti-inflammatory signaling are PPARγ modulators. These drugs use 

their immunomodulatory and antiproliferative effects [243]. The PPARγ expression has been found 
to be strongly reduced in psoriatic plaques, which may suggest that PPARγ activation may contribute 
to the prevention of psoriatic lesions [244]. On the other hand, activation of PPARγ in mouse models 
of skin hyperproliferative diseases with thiazolidinediones, exerts antiproliferative effects and 
suppresses the inflammatory signal [245]. A similar effect was observed by an in vitro study using 
cultures of normal human keratinocytes and lymphocytes in which the PPARγ agonist (GED-0507-
34L) suppressed the inflammatory process by inhibiting NFκB, and consequently reduced expression 
of pro-inflammatory cytokines such as IL-6, IL-8, IL-12, IL-21, IL-23, TNF-α and COX-2 [246], 
thereby reducing generation of 4-HNE (Figure 4). 

Unfortunately, anti-psoriatic therapies with synthetic drugs are often characterized by side 
effects, while biological drugs treatments are expensive. To minimize these problems, herbal 
preparations, nutraceuticals or dietary supplements are increasingly used as alternative or 
complementary therapy. Currently, approximately 80% of people around the world use preventive 



and therapeutic natural products because of their relative safety, effectiveness and low cost, if 
matching the integrative biomedicine approach. 

The most frequently studied and used to treat psoriasis natural antioxidants are polyphenols 
such as flavonoids, lignans, floroglucinols, quinones, stylbenes, phenylpropanoids and 
diarylheptanoids, which can all modulate the inflammatory pathways. Among them, quercetin, 
apigenin, luteolin, and baicalein showed anti-inflammatory activity in vitro and in animal models 
[247,248]. One of such polyphenols that interacts with multiple pathophysiological targets that can 
safely and inexpensively reduce inflammatory processes is curcumin, which significantly reduces 4-
HNE levels as well 4-HNE mediated oxidative modifications of a protein substrates even by 80% 
[249,250]. Moreover, the polyphenols-rich extract from green alga Codium fragile applied topically 
on skin in therapy against psoriasis decreased 4-HNE levels and protein oxidation protecting skin 
against pro-inflammatory and oxidative damages induced by UVB [251]. 

Antioxidants usually prove as beneficial in the treatment of psoriasis because cell signaling 
pathways such as MAPK or JAK/STAT are sensitive to redox reactions and have been shown to be 
involved in the progression of psoriasis [205]. As an example of topical or orally used natural 
substances are vitamin D analogues (calcipotriol, tacalcitol, calcitriol) [252]. Vitamin D, as a fatty 
soluble antioxidant molecule, is known as a lipid protector and is used in therapies for a number of 
diseases [253,254]. It has been shown that vitamin D protects against oxidative stress [255] and 
prevents lipid peroxidation [256], effectively lowering the 4-HNE level in cells under both 
physiological and oxidative conditions [257]. 

Other natural compounds used as oral or topical remedies for the treatment of psoriasis include 
omega-3 fatty acids such as eicosapentaenoic acid, due to their anti-inflammatory properties, which 
are particularly manifested by reduced levels of TNF-α and 4-HNE-protein adducts (even by 30%) in 
the blood, especially if used by long-term administration [258–260]. Yet, recent research results 
show that dietary supplementation of eicosapentaenoic acid only affects lipid metabolism, reducing 
the level of eicosanoids that are a potential source of itching [261]. 

An important element in therapy with natural preparations, including antioxidants, is that, 
when accompanied by other antioxidant compounds, they show synergy of action. Therefore, it is 
believed that the most effective form of therapy is the use of a mixture of natural antioxidants, which 
are usually plant extracts. Since different components generally modify different metabolic 
pathways, this usually leads to different pharmacological effects. However, regardless of the type of 
therapy used an important role is also played by the balanced diet. Namely, it was found, among 
others, that regular consumption of fresh fruit, vegetables and spices rich in different phytochemicals 
can reduce oxidative stress and inflammation and may relieve symptoms of psoriasis [262–264]. 

Therefore, we may conclude that as long as the exact and detailed etiopathogenesis of psoriasis 
is not revealed, we could rely mostly on nutritional approach and anti-inflammatory medicaments 
aiming to prevent or control at least some aspects of psoriasis, like any other chronic inflammatory 
disorder. However, 4-HNE, acting as a signaling molecule regulating proliferation, differentiation 
and apoptosis might help us to make major progress in these fields, in particular if we keep in mind 
that complex, often opposite effects of 4-HNE are not only concentration-dependent, but depend also 
on its ability to modify various enzymes, cytokines and their receptors even regulating the activities 
of the antioxidants (enzymatic and non-enzymatic, especially GSH). That might be crucial not only 
for metabolic, degenerative and inflammatory aspects of the stress-associated diseases, but in 
particular for the onset of the most fearsome of them all – the cancer. 



   

The involvement of 4-HNE in carcinogenesis and anti-cancer therapies 
 
Although a lot of efforts have been done, we are still eager to gain knowledge that could 

contribute to the fight against cancer not just supporting prevention but also eradication of the 
advanced malignancies. The cancer therapy elusiveness could be attributed to heterogeneity of 
malignant neoplasms, their ability to adapt and protect themselves as well as to the fact that they are 
mostly “silent killers”, not showing symptoms until it is late. Every day researches are trying to find 
new distinguished pathways, molecules involved in tumor initiation and progression that could be 
specifically targeted and modulated to stop the disease development and hopefully, ultimately cure 
the disease. Myriad of interplaying signaling pathways influencing genetic, epigenetic, metabolic 
alterations, as well as different environmental cues, are involved in cancer initiation and progression 
[265–267]. However, new insights also brought to the attention the “Dr. Jekyll and Mr. Hyde” 
behavior of many diverse contributors/suppressors in tumorigenesis, highlighting the complexity of 
tumors.  

ROS are an example of such behavior (reviewed in [266,268–271]). Excessive ROS induce 
oxidation of lipids yielding 4-HNE, a known bioactive marker of oxidative stress [88], and a 
pleiotropic molecule that can, in a concentration-dependent manner, affect diverse cellular processes 
from proliferation to differentiation and apoptosis in normal and cancer cells [3,87]. The 
development of antibodies against 4-HNE-protein adducts [272,273], and thus established 
immunochemical methods such as immunohistochemistry [274], immuno electron microscopy [275] 
and ELISA [276,277], along with the development of high performance liquid chromatography 
(HPLC) methods, proteomics and other mass spectrometry (MS) methods [278], enabled studying 
the involvement of 4-HNE in cancer and other (patho)physiological, especially inflammatory 
processes [11]. It should be mentioned that immunochemical methods detecting the 4-HNE-protein 
adducts appears to be among the most popular and reliable methods for clinical detection of lipid 
peroxidation in human diseases, especially in cancer [279].    

Therefore, we have highlighted data regarding occurrence of 4-HNE in cancer patients’ tissue 
or serum/plasma samples in Table 2.  
 

 



Table 2. Short overview on literature revealing the occurrence of 4-HNE in malignant tumors using diverse samples (tumor tissue slides, homogenates and 
serum samples of cancer patients and healthy controls) and methods (IHC, HPLC, ELISA, WB) 
Tumor 4-HNE occurrence in tumor Samples Method Ref 
Lung cancer 
(primary 
tumors and 
secondary 
metastasis) 

Primary and secondary malignant cells showed similar 4-HNE intensity: predominantly ++(2-
moderately positive) in cytoplasm and mostly pronounced in the necrotic regions. 
 

Diverse 4-HNE pattern of surrounding tumor tissue was observed between primary and secondary 
tumor: higher intensity of surrounding tissue of secondary metastasis (between ++(2-moderate) and 
+++(3-very positive)) vs. weakly positive +(1) observed for primary tumor. 
 

Negative correlation was observed between 4-HNE intensity of the surrounding tissue and tumor 
volume of secondary metastasis, while primary tumors were lacking this correlation. 

FFPE sections of primary lung tumors 
(n=19) and 

secondary lung tumors (n=17) 
 

IHC 
 

 

[280] 

Lung cancer Higher 4-HNE concentration was observed in lung cancer patients, especially in women. 
 

Stronger link between redox status and lipid metabolism alterations in non-smoking lung cancer 
patients, in comparison to current or former smokers. 

Serum samples of lung cancer patients 
(n=92) and healthy controls (n=82) 

ELISA [281] 

Non-small cell 
lung cancer 
(NSCLC) 

Higher levels of 4-HNE (measured by GC/MSMS) and 4-HNE-protein adducts (measured by ELISA) 
in both tumors (SCC and AC) in comparison to adjacent normal lung tissue. 
  

AC group had higher levels of 4-HNE-protein adducts than SCC. 
IHC revealed abundance of cytoplasmic 4-HNE-protein adducts for both, SCC and AC, mostly in 
necrotic regions of tumors. Adjacent stromal cells were mostly positive for cytoplasmic 4-HNE-protein 
adducts. 

Tissue homogenates, plasma and FFPE 
sections of squamous cell carcinoma 
(SCC) n= 38 (female/men n=12/26) 

adenocarcinoma (AC) n=34 (female/men 
n=16/18) 

GC/MS
MS 

 
ELISA 

 
IHC 

[241] 

Astrocytic and 
ependymal 
tumors of the 
brain 

4-HNE-protein adducts were found in all tumors.  
The incidence of 4-HNE-immunopositive tumor cells is correlated with increasing grades of 
malignancy.  
 

Endothelium of almost all tumor vessels was positive for 4-HNE, while higher positivity of the walls 
of the vessels was observed in DA and anaplastic AA than in PA and GBM.  
Number of 4-HNE-positive microvessels was associated with the grade of malignancy in both 
astrocytic and ependymal tumors.  

FFPE sections of glial tumors (n=160): 
- Astrocytic tumors (n=120): 

pilocytic astrocytomas (PA; n=30), diffuse 
astrocytomas (DA; n=30), anaplastic 

astrocytomas (AA; n=30), glioblastomas 
multiforme (GBM; n=30) 

- Ependymal tumors (n=40): 
ependymomas (E; n=30), anaplastic 

ependymomas (AE; n=10) 

IHC [282] 

Glioblastomas 4-HNE-protein adducts were found in all tumors with the immunopositivity ranging from moderate 
(22/30) to strong (8/30) and the intensity ranging from moderate (20/30) to strong (9/30).  
2/3 of blood vessels walls and all mesenchymal stroma were 4-HNE positive in which intensity ranged 
from weak to moderate. Necrotic regions were mostly negative. In control group, only sporadically 
reactive astrocytes were moderately positive with low stroma intensity. 
 

4-HNE expression was proportional with the expression of CD133. 

FFPE sections of glioblastomas (GBM; 
n=30) and control samples (without 

pathological changes, tumor, and other 
inflammatory and reactive changes; n=10) 

IHC [283] 

Astrocytic 
tumors 

4-HNE positivity was proportional with malignancy of astrocytomas (GB>AA>DA). 
In DA, weak 4-HNE positivity was predominantly present in perivascular tumor cells while malignant 
variants (AA and GB) had moderate to strong and diffusely distributed 4-HNE positivity in all tumors. 

FFPE sections of astrocytomas (n=45): 
diffuse astrocytomas (DA; n=15), 

anaplastic astrocytomas (AA; n=15), 
glioblastomas (GB; n=15) 

IHC [284] 



Colorectal 
cancer 

In more than 50% of samples the positivity of cytoplasmic 4-HNE in cancer cells was high while in 
other was low. Nuclear 4-HNE positivity was observed in 10% of cancer and stromal cells. 
 

Epithelial (in particular nuclear) and cytoplasmic stromal 4-HNE positivity are correlate with the poor 
outcome. 
 

Association of cytoplasmic stromal 4-HNE positivity with survival is independent of tumor stage and 
co-morbidity. 

FFPE sections of colorectal cancers (CRC; 
n=62) in elderly population (patients aged 

85 years and older) 

IHC [285] 

Colorectal 
cancer 

Levels of 4-HNE in primary CRC were higher than in normal colon tissue. 
 

The level of 4-HNE is correlated with the clinical stage of CRC. 
 

Tissue homogenates from primary 
colorectal cancer  (CRC; grades II, III, IV; 

n=81) and controls (unchanged colon 
regions distant from the cancer ) 

HPLC [286] 

Colorectal 
cancer 

4-HNE was increased in cancer tissue in comparison to the controls. 
 

Enzymatic antioxidants (SOD, GPX and glutathione reductase) were increased except catalase, which 
was decreased along with non-enzymatic antioxidants (vitamin E and C) in cancer tissue. 

Tissue homogenates from colorectal 
cancer  (CRC; n=55) and controls 

(microscopically unchanged colon tissue 
far from the cancer) 

HPLC [287] 

Colon adeno-
carcinoma 

Levels of 4-HNE-protein adducts were decreased in all cancer tissue samples except in two extremely 
advanced cases (T4/G3) where they were within normal range. 
 

Correspondingly, TGF-β1 protein was decreased or negligible compared with the corresponding 
normal tissue surrounding the tumor, again in all except those two very advanced cases (T4/G3) where 
it was in normal range. 

Tissue homogenates from colon 
adenocarcinoma patients (n=15; 

women/men n=8/7; TNM: T2/T3/T4 
n=5/8/2; grade:G2/G3, n=11/4) and 

controls (microscopically unchanged tissue 
distant from the cancer) 

Fluores-
cence 

Measure-
ment  

[288] 

Colorectal 
carcinoma 

4-HNE-protein adducts were detected in cytoplasm of carcinoma cells and the intensity was stronger 
(in 29/37) than in adjacent normal tissue and adenoma cells. Recurrent cases showed strong intensity. 
 

Higher intensity of carcinoma cells in the invasive front in comparison to the tumor center was 
observed in a few cases.  
 

4-HNE positivity was also observed in the cytosol of infiltrating inflammatory cells. 
 

Western blot analyses of colorectal adenocarcinoma and nontumorous normal mucosa of the same 
patient, revealed that 4-HNE modifies many of the major proteins even in normal cells. However, 
several proteins were increased (39, 42, and 52 kD) in all adenocarcinoma samples. 

FFPE sections of colorectal 
adenocarcinoma (n=37), adenoma (n=6), 
and controls (nontumorous normal tissue) 

IHC 
 

WB 

[289] 

Colorectal 
carcinoma 

The cytoplasm of cancer cells was diffusely stained for 4-HNE-protein adducts while in normal tissue 
it was weakly stained. The overall scores determined by multiplying the percentage score by intensity 
score revealed 5-fold higher levels of 4-HNE-protein adducts in cancer tissue in comparison to normal 
counterparts. 
 

WB analysis of 4-HNE-protein adducts revealed 3 strong bands, between 35 and 75 kDa which 
intensities were stronger in tumor tissue than in normal tissue.  
 

Content of GSH and levels of GPX-1, GPX-3 and SePP were decreased in tumor tissue while level of 
GPX-2 was increased. Levels of SePP were lower at stage II and IV in comparison to stage II. 
 

FFPE sections and homogenates of 
colorectal carcinoma (n=41; women/men, 
n=25/16) of different staging and controls 

(nontumorous tissue) 

IHC 
 

WB 

[290] 



Renal tumors Positivity for 4-HNE-protein adducts was observed in all 6 morphologic types of renal tumors, 
although intensity varied among tumor types:  
- clear-cell type RCC: low amount of 4-HNE-protein adducts in nuclei and focal areas adjacent to cell 

membrane and within cell cytoplasm 
- granular-cell type RCC: moderate 4-HNE staining predominantly in cytoplasm 
- Mixed-cell type RCC: light labeling in clear cells and moderate in granular cells 
- Papillary carcinoma: trace levels of 4-HNE in both nuclei and cytoplasm 
- Transitional cell carcinoma of the renal pelvis: low levels of 4-HNE-protein adducts with moderate 

to heavy labeling of adjacent uninvolved transitional epithelium in nuclei and cytoplasm 
- Wilms’ tumor: trace nuclear staining of 4-HNE-protein adducts 
- Renal oncocytoma: moderate levels of 4-HNE-protein adducts in cytoplasm and nuclei 
 

Immunogold electron microscopic analysis of clear-cell variant (n=1), granular-cell variant (n=1), 
papillary carcinoma (n=1) and healthy kidney (n=1) revealed nuclear and mitochondrial 
immunolabeling with minimal cytoplasmic and cell surface staining. 

FFPE sections of renal tumors (n=38): 
- Malignant: renal cell carcinoma [RCC; 
n=18: clear cell type (n=13), granular cell 
type (n=2), mixed type (n=3)]; papillary 
carcinomas (n=4); transitional carcinoma 
of the renal pelvis (n=10); Wilms’ tumor 

(n=4) 
- Benign renal oncocytomas (n=2) 

IHC 
 

Immuno-
gold 

method 

[291] 

Renal-cell 
carcinoma 

RCC cells were positively stained for 4-HNE-protein adducts showing fine to coarse staining pattern in 
their cytoplasm.  
This pattern was not observed in nontumorous tissue where proximal tubules showed faint diffuse 
staining. 
 

Staining intensity did not correlate with the clinical or pathological features. 

Cryosections of renal cell carcinoma 
(RCC; n=15) 

IHC [292] 

Esophageal 
squamous cell 
carcinoma 

Higher expression of 4-HNE in ESCC tissue in comparison to non-malignant esophageal epithelial 
tissues was associated with the clinical stage. 
 

Patients with 4-HNE-positive cancer had poorer clinical outcome. 
 

The strongest 4-HNE positivity observed in severe dysplastic tissue accompanied with severe 
inflammation.  

FFPE sections of esophageal squamous 
cell carcinoma (ESCC) (n=57), esophageal 

carcinoma in situ (n=11) and, benign 
esophageal epithelial tissue samples 

(n=23) 

IHC [293] 

Breast cancer 4-HNE-protein adducts were primarily observed in cytoplasm and the 4-HNE positivity was mainly 
weak to moderate and increasing from UDH (45.8%) and ADH (52.4%) to DCIS (63.2%) and invasive 
breast cancers (73.0%). The only strong positivity of 4-HNE was observed in invasive breast cancers. 
 

4-HNE increases during breast carcinogenesis.  
 

Association of 4-HNE with the traditional prognostic factors of breast cancer in the invasive breast 
cancer cohort was not observed.  

FFPE sections of breast tumors (n=219): 
usual ductal hyperplasia (UDH; n=24); 

atypical ductal hyperplasia (ADH; n=21); 
ductal carcinoma in situ (DCIS; n=22); 

invasive carcinoma (n=115) 

IHC [294] 

Breast cancer 
brain and lung 
metastasis 

High 4-HNE immunostaining in 93% (42/45) of the lung metastases and only in 16% (9/55) of brain 
metastases. 
 

High NRF2 staining in 78% (32/41) of the lung metastases and in 30% (14/48) of the brain metastases. 
 

Strong association between 4-HNE and NRF2 protein level was observed in the majority of the 
patients. 

Tissue microarrays of brain metastases 
(BrM, n=55) and lung metastases (LM, 

n=45) from breast cancer patients 
 

IHC [295] 

Thyroid 
neoplasia 

4-HNE-protein levels were higher in cytoplasm of all tumor tissues (FTA, FTC, and PTC) in 
comparison to matched normal tissue.  
 

Constructed tissue microarray 
(TMA) slides of well-differentiated thyroid 

IHC [296] 



Yet, percentage and intensity of nuclear 4-HNE positivity was higher in normal thyroid tissue. 
 

Levels of both cytoplasmic and nuclear 8�oxo�dG were higher in all tumor tissues. 
 

neoplasia (n=133; women/men, 
n=104/29): follicular thyroid adenoma 

(FTA, n=71), follicular thyroid carcinoma 
(FTC, n=17), papillary thyroid carcinoma 
(PTC, n=45), and matched normal tissue  

Hepatocellular 
carcinoma 

Levels of 4-HNE-protein adducts gradually decrease in tumor tissue in comparison with adjacent 
normal tissues during HCC progression: 
- 0A grade: lower levels in tumor tissue in 4/8 
- B grade: lower levels in tumor tissue in 3/5 
- C grade: lower levels in tumor tissue in 10/10 
- PVTT (C grade): lower levels in tumor tissue in 9/9 
 

Levels of cardiolipin (CL; source of 4-HNE), their oxidation product were decreased in tumor and 
PVTT tissues comparing to tumor adjacent tissue (concomitant with 4-HNE levels). PUFA content in 
CL was decreased, favoring saturated or MUFA.  

FFPE sections of hepatocellular carcinoma 
(HCC; n=46): 0 and A grade (n=8), B 

grade (n=4), C grade (n=19):  HCC (n=10) 
and portal vein tumor thrombus (PVTT, 

n=9) 
 

IHC [297] 

Cutaneous 
malignant 
melanoma 

Presence of 4-HNE revealed different patterns: 
- absent in all samples of simple nevi while present in all dysplastic nevi (3/5 samples with more than 
50% of positive cells) with moderate to strong intensity 
- LMM – both, lentigo maligna and invasive MM areas showed strong to moderate intensity of 4-HNE 
in all samples with high positivity in 2/3 samples 
- SSMM – moderate to strong positivity in 13/15 samples with a slight decrease of intensity towards 
tumor depth 
- NMM – 60% negative while the positive showed weak positivity and intensity 
- AML –all samples were diversely positivity exhibiting moderate to strong intensity 
- Amelanotic MM – similar to NMM; 50% weak to moderate positivity with weak to moderate 
intensity 
- Metastases – 60% negative samples while positive showed weak to moderate positivity with ranging 
intensity from weak to moderate and strong. 

FFPE sections (n=55) of: 
- control (n=10): simple nevus (n=5); 

dysplastic nevus (n=5); 
- primary malignant melanoma (MM, 

n=35): superficial spreading MM (SSMM, 
n=15); nodular MM (NMM, n=10), lentigo 

MM (LMM, n=3), acral lentiginous 
melanoma (ALM, n=3), amelanotic MM 

(n=4) 
- metastases (n=10) 

    

IHC [298] 

Prostate cancer A pilot study to compare presence of 4-HNE with already reveled strong correlation of acrolein 
presence with the progression of prostate carcinoma. 
 

4-HNE and acrolein showed different patterns: 
- strong positivity of acrolein in cytoplasm and nuclei of prostatic cancer cells and in tumor stroma  
- presence of 4-HNE was observed only in tumor stroma, and not in tumor cells of prostatic carcinoma. 

pilot analysis IHC [274] 

Abbreviations: IHC-Immunohistochemistry; FFPE-Formalin-Fixed Paraffin-Embedded; ELISA- Enzyme-Linked Immunosorbent Assay; HPLC- High Performance 
Liquid Chromatography; WB-Western Blot;  



As can be seen from the data collected, the appearance of 4-HNE is not unique across different 
tumors and highly depends upon the tissue of origin, tumor grade/stage, and even a patient. For 
example, the increase in 4-HNE expression was correlated with the progression of brain tumors 
[282–284], esophageal squamous cell carcinoma [293], and breast cancers [294]. Opposite to that, in 
hepatocellular carcinoma, 4-HNE expression gradually decreased with the tumor grade showing 
stronger expression in adjacent tissue than in tumor [297]. Similarly, stronger expression of 4-HNE 
in adjacent tissue, was observed for metastatic lung cancers [280], supporting the assumption that 
non-malignant cells in the vicinity of cancer generate 4-HNE to defend themselves against invading 
cancer [21,280,297], although some studies revealed higher 4-HNE levels in tumor tissue samples 
than in matching controls [241,281]. Such a discrepancy might be on one hand explained by the fact 
that every cancer is as individual disease as is the patient suffering from it, while on the other hand, 
cancer growth is associated with oxidative stress, yet in case of cancer decay due to necrosis, 
abundant 4-HNE is being generated within malignant tissue by destroyed cancer cells, as well as by 
stromal and inflammatory cells [15,16,241,297]. Studies involving colorectal cancer are showing 
conflicting data (for these and other examples please see Table 2.). Discrepancies in data of 4-HNE 
presence in tumors of the same origin could be attributed to insufficient information about the tumor 
type/grade/stage (diverse presence of 4-HNE in different types/grades/stages of the same tumor), 
age/sex diversity of patients (e.g. female patients with lung cancer had higher levels of 4-HNE than 
male patients [281]), and to sample size as well as to which samples (tissue or serum/plasma) were 
used and what were controls. As on the colon cancer example, it is very rarely the case that hardly 
available normal, control colon tissue is analyzed serving as control specimens, instead either non-
malignant tissue near cancer colon tissue, which is not really normal as already mentioned, or 
inflamed colon tissue (as in Chron’s disease) is analyzed.    

A recent comprehensive transcriptomic analysis of normal tissue adjacent to tumor (NAT; 
n=428), healthy tissue (n=1558) and tumor tissue (n=4550) of different origin (liver, colon, lung, 
thyroid, prostate, breast, bladder, uterus) has shown that NAT is distinct from both healthy and tumor 
tissue and although each tissue is unique, some differences are shared across tumor types including 
TNF-α and TGF-β signaling pathways, hypoxia, and the epithelial-to-mesenchymal transition (EMT) 
[299]. Authors further suggest that this TASA (tumor-adjacent specific activation) signature is 
orchestrated by tumor itself as a possible mechanism of its progression, although the opposite 
interpretation is as likely, as was observed for the model of rodent liver cancer (LEC rats) [300,301].  

Therefore, future research should consider this unique feature of NAT and whether NAT could 
be used as “normal” control when analyzing differences between tumor and normal tissue. In 
addition, to fully understand the interactions between tumor and NAT and how they affect tumor 
progression, additional analyses are needed that will reveal what happens on lipidomic and 
proteomic level, what is the influence of oxidative stress, and consequently of 4-HNE considering 
that it can modify proteins and thus affect diverse pathways and ultimately cell fate, as well as to 
explore diversity of antioxidative protection.  

Hence, higher 4-HNE presence in adjacent tumor tissue could have dual explanation. 
Concomitantly with the previously mentioned tumor initiation of TASA signature to spread, Blendea 
et al. suggested these higher 4-HNE levels contribute to metastatic spread of cutaneous malignant 
melanoma [298]. Another explanation could consider it to be a protective mechanism of normal cells 
against tumor as suggested for lung cancer metastasis due to observed negative correlation between 
4-HNE intensity of the surrounding tissue and tumor volume of secondary metastasis [280]. Higher 



susceptibility of osteosarcoma cell lines as well as leukemic cells in comparison to normal cells of 
mesenchymal origin to pro-apoptotic action of 4-HNE [302–304]  and a novel mechanism of 
selective induction of apoptosis in cancer cells, which is linked with the 4-HNE-induced inactivation 
of cancer-specific membrane-associated catalase and the subsequent increase of ROS [21], are 
corroborating later explanation. Both explanations might be plausible if considering the diversity of 
4-HNE presence in tumors of different origins. As suggested, causes of this observed diversity could 
be alterations in lipid composition of the cell membranes, favoring saturated and monounsaturated 
fatty acids (MUFA) over polyunsaturated fatty acids (PUFA) (especially arachidonic and linoleic 
acids from which 4-HNE is formed); different pattern of detoxifying enzymes and antioxidant 
proteins (higher in cancer cells enabling better elimination of 4-HNE); presence of inflammation 
which might increase levels of 4-HNE that diffuse from inflammatory cells within surrounding tissue 
to tumor cells [8,305].  

 
4-HNE Involvement in Carcinogenesis 
 
4-HNE is involved in almost all hallmarks of cancer (reviewed in [2,306]) including 

insensitivity to growth inhibition, escaping apoptotic signals, unlimited replication potential, self-
sufficiency in growth signals, escape from immune system, neoangiogenesis and metastasis 
formation. Diverse signaling pathways are affected by 4-HNE such as Nrf2/Keap1, NFκB, 
phosphatidylinositol 3-kinase (PI3K)/AKT, and others. Thus 4-HNE can be considered as a pro-
carcinogenic activator initiating tumor development or its progression. Some of the examples are 
listed below. 

  
Pro-carcinogenic role of 4-HNE in tumor initiation 
 
The 4-HNE’s preferential formation of DNA adducts (4-HNE-dGuo) and the G→T 

transversion at codon 249 of the P53 gene has been considered as mutational hotspot in 
hepatocellular carcinoma and lung cancers, especially to those related to cigarette-smoke [307] thus 
implicating 4-HNE’s pro-carcinogenic role in cancer initiation. Concomitantly, Long-Evans 
Cinnamon (LEC) rat model of hepatitis and liver carcinogenesis has revealed accumulation of 4-
HNE-protein adducts in early stages of the diseases indicating its involvement in cancer initiation 
[301]. 

There are several examples of 4-HNE implication in the development of colorectal cancer. 
First, through the indirect effect of commensal bacteria and innate immunity on normal epithelia. 
Macrophages polarized by Enterococcus faecalis produce 4-HNE that drive chromosomal instability 
and transformation of normal colon epithelial cells. These phenotypically changed cells were shown 
to form poorly differentiated and invasive tumors in immunodeficient mice [308]. Another example 
is 4-HNE-induced expression of COX-2 leading to loss of APC and subsequent decrease in 
degradation of β-catenin and its translocation to the nucleus where it interacts with T-cell factor 4 for 
transcription of oncogenes [309]. Inflammation is additional risk factor leading to the development 
of colon cancer. Recent proteomic analysis identified higher levels of ferrireductase: six-
transmembrane epithelial antigen of prostate 4 (STEAP4) in mouse model of colitis and patients with 
inflammatory bowel disease. Increase in STEAP4 leads to dysregulation of mitochondrial iron 
homeostasis which in turn elevates ROS and 4-HNE causing tissue injury and impact colon 



carcinogenesis. Authors suggest involvement of the hypoxia/HIF-2α/STEAP4/mitochondrial 
iron/mitochondrial ROS axis in promotion of colitis and colon cancer [310]. 

 
4-HNE involvement in tumor progression 
 
Already in the early nineties we described the concentration- and serum-dependent effects of 4-

HNE acting as cell growth stimulating factor in vitro and in vivo [311,312]. The fact that growth 
regulating effects of 4-HNE and of humoral (i.e. present in serum) growth factors (cytokines) are 
mutually dependent [313] , made the basis for studies on 4-HNE as signaling molecule bifunctionally 
regulating c-fos expression affecting the EGF and PDGF signaling eventually causing either 
enhanced or suppressed growth of the HeLa cells [314,315], depending on the amount of protein 
adducts formed by 4-HNE [316]. The continuous studies in this direction are summarized in several 
review papers [11][274][306].   

Complementary to that, it should be underlined that immunity plays important role in 
suppression of tumor spread. Dendritic cells are required to generate robust and sustained T-cell 
dependent anticancer immunity. Frequently, tumors impair normal dendritic cell functions to evade 
immune control. Constitutive activation of the endoplasmic reticulum stress response factor XBP1 in 
tumor-associated DCs (tDCs) was shown to direct ovarian cancer (OvCa) progression by suppressing 
anti-tumor immunity. 4-HNE-induced XBP1 activation triggers triglyceride biosynthetic program in 
tDCs leading to severe lipid accumulation and consequent inhibition of tDCs ability to support anti-
tumor T-cells [317]. On the other hand, the murine model of spontaneous regression of W256 cancer 
revealed the importance of the innate immunity carried by granulocytes/neutrophils, which is relying 
on the lipid peroxidation generating acrolein, as well as MDA and 4-HNE that are regulating 
extracellular granulocyte cell-signaling in defense against cancer [14–18].    

Furthermore, breast cancer growth and angiogenesis was shown to be promoted by 4-HNE-
induced upregulation of  HIF-1α and increased expression of VEGF in a SIRT3-dependant manner 
[318], which might also explain to certain extent association of 4-HNE with the pathologic blood 
vessels proportional to the level of malignancy of human astrocytic tumors [282–284]. 

 
Anti-cancer therapies and 4-HNE 
 
Optimally efficient anti-cancer therapy should selectively kill cancer cells while sparing 

normal cells. To date, the main selective feature of cancer cells exploited in therapy treatments 
includes observed higher ROS levels accumulated as a consequence of metabolic alterations due to 
high energy demands needed for cancer to expand. Therefore, the majority of the conventional anti-
cancer therapy, aside of surgery, still relies on chemo- and radiation therapy exploiting these higher 
ROS levels and reinforcing them to levels that will lead cancer cells to death. [1]. Unfortunately, this 
feature is not sufficiently selective so unwanted side-effects also occur. Herein we will mention just 
some of the chemotherapeutics (doxorubicin (DOX), cisplatin, paclitaxel, tamoxifen, sorafenib) 
mediating their anti-cancer activity through generation of ROS and 4-HNE, and their role in toxicity 
against normal cells. Several examples of pharmacological mitigation of side-effects will be 
mentioned as well.  

Chemotherapy-induced cognitive impairment referred to as “chemobrain” is observed in 
patients upon DOX treatment. The proposed mechanism of “chemobrain” involves enrichment of 4-



HNE-protein adducts that oxidizes apolipoprotein A-I leading to its inability to interact with ATP-
binding membrane cassette transporter A1 thus increasing TNF-α in the periphery. TNF-α further 
crosses blood-brain barrier by endocytosis of tumor necrosis factor receptor and activates the 
formation of local TNF-α by microglia leading to mitochondrial dysfunction and apoptosis in 
neurons and consequently to cognitive decline. Co-administration of the antioxidant drug, 2-
mercaptoethane sulfonate sodium decreased protein oxidation and resulting elevation of TNF-α in 
plasma [319]. Recently a new term “tumor brain” was suggested. It implies that cognitive deficits 
could be observed even prior cancer diagnosis and treatment. TumorGraftTM models of triple-
negative breast cancer (TNBC) or progesterone receptor positive breast cancer (PR+BC) xenografts 
revealed implication of oxidative stress, and alteration of specific pathways (MAPK, PI3K/AKT) 
needed for the proper function of hippocampal neurons. While the decreased expression of AKT1, 
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), neuronal PAS domain protein 4, and 
brain-derived neurotrophic factor was observed in both TNBC and PR+BC tumor-bearing animals, 
increased levels of 4-HNE were seen just in TNBC tumor-bearing mice whereas the levels were 
decreased in PR+BC tumor-bearing mice [320].  

Another example of negative side-effect of DOX is cardiotoxicity. 4-HNE plays important role 
in DOX-induced cardiotoxicity, while even non-toxic doses of DOX could result in the accumulation 
of the 4-HNE-protein adducts by cardiomyocytes, which show a great range of individuality under 
such circumstances [321]. Increased levels of 4-HNE upon DOX treatment, inactivate NADH 
oxidoreductase activity of the mitochondrial apoptosis inducing factor (AIFm2) causing adduction of 
His 174 and translocation of AIFm2 from mitochondria thus facilitating apoptosis in heart tissue of 
mice and humans [322]. DOX-induced release of extracellular vesicles from cardiomyocytes 
comprising of high 4-HNE-modified protein content was suggested to be an early and sensitive 
biomarker of cardiac injury [323]. In addition, 4-HNE can modify several mitochondrial proteins 
involved in Krebs cycle and EMT thus altering their function and consequently energy metabolism. 
Treatment with Mn(III) meso-tetrakis(N-n-butoxyethylpyridinium-2-yl)porphyrin, an SOD mimic, 
can prevent this DOX-induced cardiac damage [324]. 

Fidarestat, an aldose reductase inhibitor, was found to increase sensitivity of colon cancer cells 
to DOX by decreasing the multi-drug resistance-1, MRP1, and ATP binding cassette subfamily G 
member 2 drug transporters and thus efflux of the drug from cancer cells. Additionally, fidarestat 
reduces DOX–induced cardiac toxicity by decreasing formation of 4-HNE-protein adducts, 
suggesting its possible usefulness as adjuvant therapy aiming to protect non-malignant cells [325].  

Sulforaphane (SFN), an isothiocyanate found in cruciferous vegetables such as broccoli, is 
known for its dual role: selective cytotoxicity of cancer cells and chemoprotection of normal cells. 
While its cytotoxic activity is attributed to generation of 4-HNE and targeting specific pathways 
which enable selective growth advantage of cancer cells, its chemoprotective effect is due to 
upregulation of defense mechanisms, such as activation of Nrf2 pathway [326,327]. Studies in a rat 
orthotopic breast cancer model revealed attenuated cardiotoxicity and potentiated efficacy of DOX 
when used concomitantly with SFN suggesting that lower dosage of DOX can be used in 
concomitant treatments [328].  

A mechanism of action of tamoxifen includes generation of 4-HNE which through activation 
of protein phosphatase 2A downregulates survival proteins such as AKT thus leading to apoptosis of 
breast cancer cells. However, cancer cells can adapt to tamoxifen treatment by activating Nrf2 
pathway thus increasing expression of antioxidant genes (NAD(P)H:quinone oxidoreductase 1 



(NQO1),HO-1, SOD1) and the multidrug resistant transporters (e.g. MRP1 that exports 4-HNE from 
cancer cells). Indeed, high expression levels of Nrf2, NQO1, MRP1, and ATP Binding Cassette 
Subfamily C Member 3 indicate poor prognosis for those breast cancer patients [329].  

Mangafodipir, another SOD mimic, was suggested as a protective mechanism against cisplatin- 
or paclitaxel-induced ovarian damage (by decreasing levels of 4-HNE) while not affecting antitumor 
effects of anticancer drugs in tumor xenografts. Therefore, the administration of mangafodipir during  
cisplatin and/or paclitaxel therapy might be promising pharmacological strategy for protection of the 
normal cells [330]. 

Sorafenib is a standard cytostatic for treatment of kidney and liver malignancies. In renal 
cancer, c-Met-Nrf2-HO-1 axis was shown to be important in sorafenib chemoresistance. Combined 
treatment with pharmacological inhibitors of c-Met and HO-1 reduced the growth of renal tumors 
xenografts through activation of 4-HNE, apoptosis and DNA damage [331]. Cardiolipin a specific 
hepatic, mitochondrial phospholipid rich in linoleic acid is suggested as an important source of 4-
HNE. Supplementation of liver cancer cells with tetralinoleoyl cardiolipin enhanced the Sorafenib-
induced apoptosis in vitro. Hence, ketogenic diet (rich in PUFAs such as linoleic and arachidonic 
acid) could serve as an effective adjuvant therapy in treatment of hepatocellular carcinoma and other 
tumors by a mechanism linking mitochondrial 4-HNE formation with induction of apoptosis [297]. 

Sulfasalazine, used for treating rheumatoid arthritis, was also shown to act as a specific 
inhibitor of xCT-dependent cystine transport, which is important for generation of GSH, induction of 
ferroptosis and implicated in chemoresistance. In sulfasalazine resistant head and neck squamous cell 
carcinoma (HNSCC) and gastric tumors, which are known to highly express aldehyde dehydrogenase 
(ALDH)3A1, a co-treatment with dyclonine (oral anesthetic; inhibitor of ALDH) increases the 
accumulation of 4-HNE and thus cancer cell death suggesting it as a sensitizer to xCT-targeted 
cancer therapy [332]. 
 
Conclusions: 
Taken together the findings summarized in this review paper allow us to conclude that 4-HNE might  
be considered not only as second messenger of ROS, but also as one of fundamental factors of the 
stress- and age-associated diseases. While standard, even modern concepts of molecular medicine 
and respective therapies in majority of these diseases target mostly the disease-specific symptoms, 4-
HNE, especially its protein adducts, might appear to be the bioactive markers that would allow better 
monitoring of specific pathophysiological processes reflecting their complexity. Eventually that 
could help development of advanced integrative medicine approach for patients and the diseases they 
suffer from on the personalized basis implementing biomedical remedies that would optimize 
beneficial effects of ROS and 4-HNE to prevent the onset and progression of the illness, perhaps 
even providing the real cure.    
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Dedicated to Prof. Peter Eckl, former president of the International 4-HNE-Club, great researcher 
and dear friend, who suddenly passed away. Thank you for everything Peter, we will miss you. 
 
Acknowledgements: 
Cooperation between coauthors is financed by the Polish National Agency for Academic Exchange 
(NAWA) as part of the International Academic Partnerships (PPI/APM/2018/00015/U/001). On the 
occasion of the 20th anniversary of the International 4-HNE Club the authors also wish to thank the 



other researchers revealing importance of 4-HNE as “second messenger of reactive oxygen species” 
in health and in stress- and age-associated diseases.    
 

 

References: 

[1] L. Milkovic, A. Cipak Gasparovic, M. Cindric, P.-A. Mouthuy, N. Zarkovic, Short Overview of ROS as Cell 
Function Regulators and Their Implications in Therapy Concepts., Cells. 8 (2019). 
doi:10.3390/cells8080793. 

[2] S. Pizzimenti, C. Toaldo, P. Pettazzoni, M.U. Dianzani, G. Barrera, The “Two-Faced” Effects of Reactive 
Oxygen Species and the Lipid Peroxidation Product 4-Hydroxynonenal in the Hallmarks of Cancer, 
Cancers (Basel). 2 (2010) 338–363. doi:10.3390/cancers2020338. 

[3] L. Milkovic, A. Cipak Gasparovic, N. Zarkovic, Overview on major lipid peroxidation bioactive factor 4-
hydroxynonenal as pluripotent growth-regulating factor, Free Radic. Res. 49 (2015) 850–860. 
doi:10.3109/10715762.2014.999056. 

[4] A. Ayala, M.F. Muñoz, S. Argüelles, Lipid peroxidation: Production, metabolism, and signaling 
mechanisms of malondialdehyde and 4-hydroxy-2-nonenal, Oxid. Med. Cell. Longev. 2014 (2014). 
doi:10.1155/2014/360438. 

[5] R.J. Schaur, W. Siems, N. Bresgen, P.M. Eckl, 4-Hydroxy-nonenal-A Bioactive Lipid Peroxidation 
Product., Biomolecules. 5 (2015) 2247–337. doi:10.3390/biom5042247. 

[6] K. V. Ramana, Aldose reductase: new insights for an old enzyme, Biomol. Concepts. 2 (2011). 
doi:10.1515/bmc.2011.002. 

[7] G. Barrera, S. Pizzimenti, M.U. Dianzani, Lipid peroxidation: control of cell proliferation, cell 
differentiation and cell death., Mol. Aspects Med. 29 (2008) 1–8. doi:10.1016/j.mam.2007.09.012. 

[8] M. Csala, T. Kardon, B. Legeza, B. Lizák, J. Mandl, É. Margittai, F. Puskás, P. Száraz, P. Szelényi, G. 
Bánhegyi, On the role of 4-hydroxynonenal in health and disease, Biochim. Biophys. Acta - Mol. Basis 
Dis. 1852 (2015) 826–838. doi:10.1016/j.bbadis.2015.01.015. 

[9] H.J. Forman, J.M. Fukuto, T. Miller, H. Zhang, A. Rinna, S. Levy, The chemistry of cell signaling by 
reactive oxygen and nitrogen species and 4-hydroxynonenal., Arch. Biochem. Biophys. 477 (2008) 
183–95. doi:10.1016/j.abb.2008.06.011. 

[10] H. Zhang, H.J. Forman, Signaling by 4-hydroxy-2-nonenal: Exposure protocols, target selectivity and 
degradation., Arch. Biochem. Biophys. 617 (2017) 145–154. doi:10.1016/j.abb.2016.11.003. 

[11] N. Zarkovic, A. Cipak, M. Jaganjac, S. Borovic, K. Zarkovic, Pathophysiological relevance of aldehydic 
protein modifications., J. Proteomics. (2013). doi:10.1016/j.jprot.2013.02.004. 

[12] M. Jaganjac, T. Čačev, A. Čipak, S. Kapitanović, K. Gall Trošelj, N. Zarković, Even stressed cells are 
individuals: second messengers of free radicals in pathophysiology of cancer, Croat. Med. J. 53 (2012) 
304–309. doi:10.3325/cmj.2012.53.304. 

[13] H.J. Forman, F. Ursini, M. Maiorino, An overview of mechanisms of redox signaling., J. Mol. Cell. 
Cardiol. 73 (2014) 2–9. doi:10.1016/j.yjmcc.2014.01.018. 

[14] M. Jaganjac, A. Cipak, R.J. Schaur, N. Zarkovic, Pathophysiology of neutrophil-mediated extracellular 
redox reactions., Front. Biosci. (Landmark Ed. 21 (2016) 839–55. doi:10.2741/4423. 



[15] M. Jaganjac, M. Poljak-Blazi, K. Zarkovic, R.J. Schaur, N. Zarkovic, The involvement of granulocytes in 
spontaneous regression of Walker 256 carcinoma., Cancer Lett. 260 (2008) 180–6. 
doi:10.1016/j.canlet.2007.10.039. 

[16] M. Jaganjac, M. Poljak-Blazi, R.J. Schaur, K. Zarkovic, S. Borovic,  a Cipak, M. Cindric, K. Uchida, G. 
Waeg, N. Zarkovic, Elevated neutrophil elastase and acrolein-protein adducts are associated with 
W256 regression., Clin. Exp. Immunol. 170 (2012) 178–85. doi:10.1111/j.1365-2249.2012.04639.x. 

[17] B.K. Chacko, S.B. Wall, P.A. Kramer, S. Ravi, T. Mitchell, M.S. Johnson, L. Wilson, S. Barnes, A. Landar, 
V.M. Darley-Usmar, Pleiotropic effects of 4-hydroxynonenal on oxidative burst and phagocytosis in 
neutrophils, Redox Biol. 9 (2016) 57–66. doi:10.1016/j.redox.2016.06.003. 

[18] M. Jaganjac, T. Matijevic Glavan, N. Zarkovic, The Role of Acrolein and NADPH Oxidase in the 
Granulocyte-Mediated Growth-Inhibition of Tumor Cells, Cells. 8 (2019) 292. 
doi:10.3390/cells8040292. 

[19] C. Camaré, C. Vanucci-Bacqué, N. Augé, M. Pucelle, C. Bernis, A. Swiader, M. Baltas, F. Bedos-Belval, 
R. Salvayre, A. Nègre-Salvayre, 4-Hydroxynonenal Contributes to Angiogenesis through a Redox-
Dependent Sphingolipid Pathway: Prevention by Hydralazine Derivatives, Oxid. Med. Cell. Longev. 
2017 (2017) 1–11. doi:10.1155/2017/9172741. 

[20] M. Dodson, W.Y. Wani, M. Redmann, G.A. Benavides, M.S. Johnson, X. Ouyang, S.S. Cofield, K. Mitra, 
V. Darley-Usmar, J. Zhang, Regulation of autophagy, mitochondrial dynamics, and cellular 
bioenergetics by 4-hydroxynonenal in primary neurons., Autophagy. 13 (2017) 1828–1840. 
doi:10.1080/15548627.2017.1356948. 

[21] G. Bauer, N. Zarkovic, Revealing mechanisms of selective, concentration-dependent potentials of 4-
hydroxy-2-nonenal to induce apoptosis in cancer cells through inactivation of membrane-associated 
catalase., Free Radic. Biol. Med. 81 (2015) 128–44. doi:10.1016/j.freeradbiomed.2015.01.010. 

[22] B.P. Mihalas, G.N. De Iuliis, K.A. Redgrove, E.A. McLaughlin, B. Nixon, The lipid peroxidation product 
4-hydroxynonenal contributes to oxidative stress-mediated deterioration of the ageing oocyte, Sci. 
Rep. 7 (2017). doi:10.1038/s41598-017-06372-z. 

[23] W. Wonisch, S.D. Kohlwein, J. Schaur, F. Tatzber, H. Guttenberger, N. Zarkovic, R. Winkler, H. 
Esterbauer, Treatment of the budding yeast Saccharomyces cerevisiae with the lipid peroxidation 
product 4-HNE provokes a temporary cell cycle arrest in G1 phase., Free Radic. Biol. Med. 25 (1998) 
682–7. http://www.ncbi.nlm.nih.gov/pubmed/9801068 (accessed October 31, 2013). 

[24] S. Gveric-Ahmetasevic, S.B. Sunjic, H. Skala, L. Andrisic, M. Stroser, K. Zarkovic, S. Skrablin, F. Tatzber, 
A. Cipak, M. Jaganjac, G. Waeg, T. Gveric, N. Zarkovic, Oxidative stress in small-for-gestational age 
(SGA) term newborns and their mothers., Free Radic. Res. 43 (2009) 376–84. 
doi:10.1080/10715760902783285. 

[25] M. Jaganjac, Possible involvement of granulocyte oxidative burst in Nrf2 signaling in cancer., Indian J. 
Med. Res. 131 (2010) 609–16. http://www.ncbi.nlm.nih.gov/pubmed/20516531. 

[26] Y. Huang, W. Li, A.-N.T. Kong, Anti-oxidative stress regulator NF-E2-related factor 2 mediates the 
adaptive induction of antioxidant and detoxifying enzymes by lipid peroxidation metabolite 4-
hydroxynonenal., Cell Biosci. 2 (2012) 40. doi:10.1186/2045-3701-2-40. 

[27] M. McMahon, D.J. Lamont, K.A. Beattie, J.D. Hayes, Keap1 perceives stress via three sensors for the 
endogenous signaling molecules nitric oxide, zinc, and alkenals, Proc. Natl. Acad. Sci. 107 (2010) 
18838–18843. doi:10.1073/pnas.1007387107. 

[28] K.E. Iles, D.A. Dickinson, A.F. Wigley, N.E. Welty, V. Blank, H.J. Forman, HNE increases HO-1 through 
activation of the ERK pathway in pulmonary epithelial cells, Free Radic. Biol. Med. 39 (2005) 355–364. 



doi:10.1016/j.freeradbiomed.2005.03.026. 

[29] K.E. Iles, R.-M. Liu, Mechanisms of glutamate cysteine ligase (GCL) induction by 4-hydroxynonenal, 
Free Radic. Biol. Med. 38 (2005) 547–556. doi:10.1016/j.freeradbiomed.2004.11.012. 

[30] H. Zhang, H. Liu, D.A. Dickinson, R.-M. Liu, E.M. Postlethwait, Y. Laperche, H.J. Forman, γ-Glutamyl 
transpeptidase is induced by 4-hydroxynonenal via EpRE/Nrf2 signaling in rat epithelial type II cells, 
Free Radic. Biol. Med. 40 (2006) 1281–1292. doi:10.1016/j.freeradbiomed.2005.11.005. 

[31] H. Zhang, D.A. Dickinson, R.-M. Liu, H.J. Forman, 4-Hydroxynonenal increases γ-glutamyl 
transpeptidase gene expression through mitogen-activated protein kinase pathways, Free Radic. Biol. 
Med. 38 (2005) 463–471. doi:10.1016/j.freeradbiomed.2004.10.031. 

[32] E. López-Bernardo, A. Anedda, P. Sánchez-Pérez, B. Acosta-Iborra, S. Cadenas, 4-Hydroxynonenal 
induces Nrf2-mediated UCP3 upregulation in mouse cardiomyocytes, Free Radic. Biol. Med. 88 (2015) 
427–438. doi:10.1016/j.freeradbiomed.2015.03.032. 

[33] G. Leonarduzzi, F. Robbesyn, G. Poli, Signaling kinases modulated by 4-hydroxynonenal., Free Radic. 
Biol. Med. 37 (2004) 1694–702. doi:10.1016/j.freeradbiomed.2004.08.027. 

[34] H. Zhang, H.J. Forman, 4-hydroxynonenal-mediated signaling and aging, Free Radic. Biol. Med. 111 
(2017) 219–225. doi:10.1016/j.freeradbiomed.2016.11.032. 

[35] S.A. Ansari, U.R. Pendurthi, L.V.M. Rao, The lipid peroxidation product 4-hydroxy-2-nonenal induces 
tissue factor decryption via ROS generation and the thioredoxin system, Blood Adv. 1 (2017) 2399–
2413. doi:10.1182/bloodadvances.2017010132. 

[36] K.S. Echtay, A signalling role for 4-hydroxy-2-nonenal in regulation of mitochondrial uncoupling, 
EMBO J. 22 (2003) 4103–4110. doi:10.1093/emboj/cdg412. 

[37] E. Aguirre, S. Cadenas, GDP and carboxyatractylate inhibit 4-hydroxynonenal-activated proton 
conductance to differing degrees in mitochondria from skeletal muscle and heart, Biochim. Biophys. 
Acta - Bioenerg. 1797 (2010) 1716–1726. doi:10.1016/j.bbabio.2010.06.009. 

[38] L. Galam, A. Failla, R. Soundararajan, R.F. Lockey, N. Kolliputi, 4-Hydroxynonenal regulates 
mitochondrial function in human small airway epithelial cells, Oncotarget. 6 (2015). 
doi:10.18632/oncotarget.6131. 

[39] Y. Ji, Z. Dai, G. Wu, Z. Wu, 4-Hydroxy-2-nonenal induces apoptosis by activating ERK1/2 signaling and 
depleting intracellular glutathione in intestinal epithelial cells., Sci. Rep. 6 (2016) 32929. 
doi:10.1038/srep32929. 

[40] J.Y. Lee, G.Y. Jung, H.J. Heo, M.R. Yun, J.Y. Park, S.S. Bae, K.W. Hong, W.S. Lee, C.D. Kim, 4-
Hydroxynonenal induces vascular smooth muscle cell apoptosis through mitochondrial generation of 
reactive oxygen species, Toxicol. Lett. 166 (2006) 212–221. doi:10.1016/j.toxlet.2006.07.305. 

[41] S.J. Lee, K.W. Seo, M.R. Yun, S.S. Bae, W.S. Lee, K.W. Hong, C.D. Kim, 4-Hydroxynonenal enhances 
MMP-2 production in vascular smooth muscle cells via mitochondrial ROS-mediated activation of the 
Akt/NF-κB signaling pathways, Free Radic. Biol. Med. 45 (2008) 1487–1492. 
doi:10.1016/j.freeradbiomed.2008.08.022. 

[42] Y.-M. Go, P.J. Halvey, J.M. Hansen, M. Reed, J. Pohl, D.P. Jones, Reactive aldehyde modification of 
thioredoxin-1 activates early steps of inflammation and cell adhesion., Am. J. Pathol. 171 (2007) 
1670–81. doi:10.2353/ajpath.2007.070218. 

[43] M.A. Elrayess, S. Almuraikhy, W. Kafienah, A. Al-Menhali, F. Al-Khelaifi, M. Bashah, K. Zarkovic, N. 
Zarkovic, G. Waeg, M. Alsayrafi, M. Jaganjac, 4-hydroxynonenal causes impairment of human 
subcutaneous adipogenesis and induction of adipocyte insulin resistance, Free Radic. Biol. Med. 104 



(2017) 129–137. doi:10.1016/j.freeradbiomed.2017.01.015. 

[44] J. Dan Dunn, L.A.J. Alvarez, X. Zhang, T. Soldati, Reactive oxygen species and mitochondria: A nexus of 
cellular homeostasis, Redox Biol. 6 (2015) 472–485. doi:10.1016/j.redox.2015.09.005. 

[45] M.D. Brand, Mitochondrial generation of superoxide and hydrogen peroxide as the source of 
mitochondrial redox signaling, Free Radic. Biol. Med. 100 (2016) 14–31. 
doi:10.1016/j.freeradbiomed.2016.04.001. 

[46] L. Slade, J. Chalker, N. Kuksal, A. Young, D. Gardiner, R.J. Mailloux, Examination of the 
superoxide/hydrogen peroxide forming and quenching potential of mouse liver mitochondria, 
Biochim. Biophys. Acta - Gen. Subj. 1861 (2017) 1960–1969. doi:10.1016/j.bbagen.2017.05.010. 

[47] R.J. Mailloux, Mitochondrial Antioxidants and the Maintenance of Cellular Hydrogen Peroxide Levels, 
Oxid. Med. Cell. Longev. 2018 (2018) 1–10. doi:10.1155/2018/7857251. 

[48] R.J. Mailloux, J.R. Treberg, Protein S-glutathionlyation links energy metabolism to redox signaling in 
mitochondria, Redox Biol. 8 (2016) 110–118. doi:10.1016/j.redox.2015.12.010. 

[49] S.B. Song, S.-Y. Jang, H.T. Kang, B. Wei, U.-W. Jeoun, G.S. Yoon, E.S. Hwang, Modulation of 
Mitochondrial Membrane Potential and ROS Generation by Nicotinamide in a Manner Independent of 
SIRT1 and Mitophagy., Mol. Cells. 40 (2017) 503–514. doi:10.14348/molcells.2017.0081. 

[50] J. Suski, M. Lebiedzinska, M. Bonora, P. Pinton, J. Duszynski, M.R. Wieckowski, Relation Between 
Mitochondrial Membrane Potential and ROS Formation, Mitochondrial Bioenerg. (2018) 357–381. 
doi:10.1007/978-1-4939-7831-1_22. 

[51] T.H. Truong, K.S. Carroll, Redox regulation of protein kinases., Crit. Rev. Biochem. Mol. Biol. 48 (2013) 
332–56. doi:10.3109/10409238.2013.790873. 

[52] A. Corcoran, T.G. Cotter, Redox regulation of protein kinases, FEBS J. 280 (2013) 1944–1965. 
doi:10.1111/febs.12224. 

[53] K. Block, Y. Gorin, H.E. Abboud, Subcellular localization of Nox4 and regulation in diabetes, Proc. Natl. 
Acad. Sci. 106 (2009) 14385–14390. doi:10.1073/pnas.0906805106. 

[54] M.P. Murphy, How mitochondria produce reactive oxygen species, Biochem. J. 417 (2009) 1–13. 
doi:10.1042/bj20081386. 

[55] D.E. Handy, J. Loscalzo, Redox Regulation of Mitochondrial Function, Antioxid. Redox Signal. 16 (2012) 
1323–1367. doi:10.1089/ars.2011.4123. 

[56] M. Xiao, H. Zhong, L. Xia, Y. Tao, H. Yin, Pathophysiology of mitochondrial lipid oxidation: Role of 4-
hydroxynonenal (4-HNE) and other bioactive lipids in mitochondria, Free Radic. Biol. Med. 111 (2017) 
316–327. doi:10.1016/j.freeradbiomed.2017.04.363. 

[57] W. Liu, N. a Porter, C. Schneider, A.R. Brash, H. Yin, Formation of 4-hydroxynonenal from cardiolipin 
oxidation: Intramolecular peroxyl radical addition and decomposition., Free Radic. Biol. Med. 50 
(2011) 166–78. doi:10.1016/j.freeradbiomed.2010.10.709. 

[58] N. Parker, A. Vidal-Puig, M.D. Brand, Stimulation of mitochondrial proton conductance by 
hydroxynonenal requires a high membrane potential, Biosci. Rep. 28 (2008) 83. 
doi:10.1042/bsr20080002. 

[59] S.J. Chapple, X. Cheng, G.E. Mann, Effects of 4-hydroxynonenal on vascular endothelial and smooth 
muscle cell redox signaling and function in health and disease., Redox Biol. 1 (2013) 319–31. 
doi:10.1016/j.redox.2013.04.001. 



[60] M. Tiedge, S. Lortz, R. Munday, S. Lenzen, Complementary action of antioxidant enzymes in the 
protection of bioengineered insulin-producing RINm5F cells against the toxicity of reactive oxygen 
species, Diabetes. 47 (1998) 1578–1585. doi:10.2337/diabetes.47.10.1578. 

[61] M. Jaganjac, O. Tirosh, G. Cohen, S. Sasson, N. Zarkovic, Reactive aldehydes – second messengers of 
free radicals in diabetes mellitus, Free Radic. Res. 47 (2013) 39–48. 
doi:10.3109/10715762.2013.789136. 

[62] S. Arkat, P. Umbarkar, S. Singh, S.L. Sitasawad, Mitochondrial Peroxiredoxin-3 protects against 
hyperglycemia induced myocardial damage in Diabetic cardiomyopathy, Free Radic. Biol. Med. 97 
(2016) 489–500. doi:10.1016/j.freeradbiomed.2016.06.019. 

[63] A. Negre-Salvayre, R. Salvayre, N. Augé, R. Pamplona, M. Portero-Otín, Hyperglycemia and Glycation 
in Diabetic Complications, Antioxid. Redox Signal. 11 (2009) 3071–3109. doi:10.1089/ars.2009.2484. 

[64] G. Cohen, Y. Riahi, V. Sunda, S. Deplano, C. Chatgilialoglu, C. Ferreri, N. Kaiser, S. Sasson, Signaling 
properties of 4-hydroxyalkenals formed by lipid peroxidation in diabetes, Free Radic. Biol. Med. 65 
(2013) 978–987. doi:10.1016/j.freeradbiomed.2013.08.163. 

[65] K.S. Echtay, Mitochondrial uncoupling proteins--what is their physiological role?, Free Radic. Biol. 
Med. 43 (2007) 1351–71. doi:10.1016/j.freeradbiomed.2007.08.011. 

[66] M.J. MacDonald, E.-C. Langberg, A. Tibell, G. Sabat, M.A. Kendrick, L.I. Szweda, C.G. Ostenson, 
Identification of ATP Synthase As a Lipid Peroxide Protein Adduct in Pancreatic Islets From Humans 
With and Without Type 2 Diabetes Mellitus, J. Clin. Endocrinol. Metab. 98 (2013) E727–E731. 
doi:10.1210/jc.2012-4203. 

[67] O.M. Lashin, P.A. Szweda, L.I. Szweda, A.M.P. Romani, Decreased complex II respiration and HNE-
modified SDH subunit in diabetic heart, Free Radic. Biol. Med. 40 (2006) 886–896. 
doi:10.1016/j.freeradbiomed.2005.10.040. 

[68] G. Cohen, Y. Riahi, O. Shamni, M. Guichardant, C. Chatgilialoglu, C. Ferreri, N. Kaiser, S. Sasson, Role of 
Lipid Peroxidation and PPAR-δ in Amplifying Glucose-Stimulated Insulin Secretion, Diabetes. 60 (2011) 
2830–2842. doi:10.2337/db11-0347. 

[69] S.A. Tersey, B. Maier, Y. Nishiki, A. V Maganti, J.L. Nadler, R.G. Mirmira, 12-Lipoxygenase Promotes 
Obesity-Induced Oxidative Stress in Pancreatic Islets, Mol. Cell. Biol. 34 (2014) 3735–3745. 
doi:10.1128/mcb.00157-14. 

[70] G. Cohen, O. Shamni, Y. Avrahami, O. Cohen, E.C. Broner, N. Filippov-Levy, C. Chatgilialoglu, C. Ferreri, 
N. Kaiser, S. Sasson, Beta cell response to nutrient overload involves phospholipid remodelling and 
lipid peroxidation, Diabetologia. 58 (2015) 1333–1343. doi:10.1007/s00125-015-3566-z. 

[71] D.J. DelloStritto, P. Sinharoy, P.J. Connell, J.N. Fahmy, H.C. Cappelli, C.K. Thodeti, W.J. Geldenhuys, 
D.S. Damron, I.N. Bratz, 4-Hydroxynonenal dependent alteration of TRPV1-mediated coronary 
microvascular signaling, Free Radic. Biol. Med. 101 (2016) 10–19. 
doi:10.1016/j.freeradbiomed.2016.09.021. 

[72] S. Almuraikhy, W. Kafienah, M. Bashah, I. Diboun, M. Jaganjac, F. Al-Khelaifi, H. Abdesselem, N.A. 
Mazloum, M. Alsayrafi, V. Mohamed-Ali, M.A. Elrayess, Interleukin-6 induces impairment in human 
subcutaneous adipogenesis in obesity-associated insulin resistance, Diabetologia. 59 (2016) 2406–
2416. doi:10.1007/s00125-016-4031-3. 

[73] B. Zarrouki, A.F. Soares, M. Guichardant, M. Lagarde, A. Géloën, The lipid peroxidation end-product 4-
HNE induces COX-2 expression through p38MAPK activation in 3T3-L1 adipose cell, FEBS Lett. 581 
(2007) 2394–2400. doi:10.1016/j.febslet.2007.04.048. 



[74] I. Miwa, N. Ichimura, M. Sugiura, Y. Hamada, S. Taniguchi, Inhibition of glucose-induced insulin 
secretion by 4-hydroxy-2-nonenal and other lipid peroxidation products., Endocrinology. 141 (2000) 
2767–72. doi:10.1210/endo.141.8.7614. 

[75] G. Maulucci, B. Daniel, O. Cohen, Y. Avrahami, S. Sasson, Hormetic and regulatory effects of lipid 
peroxidation mediators in pancreatic beta cells, Mol. Aspects Med. 49 (2016) 49–77. 
doi:10.1016/j.mam.2016.03.001. 

[76] J.D. Coleman, K.S. Prabhu, J.T. Thompson, P.S. Reddy, J.M. Peters, B.R. Peterson, C.C. Reddy, J.P. 
Vanden Heuvel, The oxidative stress mediator 4-hydroxynonenal is an intracellular agonist of the 
nuclear receptor peroxisome proliferator-activated receptor-β/δ (PPARβ/δ), Free Radic. Biol. Med. 42 
(2007) 1155–1164. doi:10.1016/j.freeradbiomed.2007.01.003. 

[77] Y. Riahi, Y. Sin-Malia, G. Cohen, E. Alpert, A. Gruzman, J. Eckel, B. Staels, M. Guichardant, S. Sasson, 
The Natural Protective Mechanism Against Hyperglycemia in Vascular Endothelial Cells: Roles of the 
Lipid Peroxidation Product 4-Hydroxydodecadienal and Peroxisome Proliferator-Activated Receptor  , 
Diabetes. 59 (2010) 808–818. doi:10.2337/db09-1207. 

[78] E. Benedetti, B. D’Angelo, L. Cristiano, E. Di Giacomo, F. Fanelli, S. Moreno, F. Cecconi, A. Fidoamore, 
A. Antonosante, R. Falcone, R. Ippoliti, A. Giordano, A. Cimini, Involvement of peroxisome 
proliferator-activated receptor β/δ (PPAR β/δ) in BDNF signaling during aging and in Alzheimer 
disease: Possible role of 4-hydroxynonenal (4-HNE), Cell Cycle. 13 (2014) 1335–1344. 
doi:10.4161/cc.28295. 

[79] S.P. Singh, M. Niemczyk, D. Saini, Y.C. Awasthi, L. Zimniak, P. Zimniak, Role of the Electrophilic Lipid 
Peroxidation Product 4-Hydroxynonenal in the Development and Maintenance of Obesity in Mice†, 
Biochemistry. 47 (2008) 3900–3911. doi:10.1021/bi702124u. 

[80] X. Zhang, Z. Wang, J. Li, D. Gu, S. Li, C. Shen, Z. Song, Increased 4-Hydroxynonenal Formation 
Contributes to Obesity-Related Lipolytic Activation in Adipocytes, PLoS One. 8 (2013) e70663. 
doi:10.1371/journal.pone.0070663. 

[81] K. Dasuri, P. Ebenezer, S.O. Fernandez-Kim, L. Zhang, Z. Gao, A.J. Bruce-Keller, L.R. Freeman, J.N. 
Keller, Role of physiological levels of 4-hydroxynonenal on adipocyte biology: implications for obesity 
and metabolic syndrome, Free Radic. Res. 47 (2012) 8–19. doi:10.3109/10715762.2012.733003. 

[82] P.A. Grimsrud, M.J. Picklo, T.J. Griffin, D.A. Bernlohr, Carbonylation of Adipose Proteins in Obesity and 
Insulin Resistance, Mol. Cell. Proteomics. 6 (2007) 624–637. doi:10.1074/mcp.m600120-mcp200. 

[83] D. Demozay, J.-C. Mas, S. Rocchi, E. Van Obberghen, FALDH Reverses the Deleterious Action of 
Oxidative Stress Induced by Lipid Peroxidation Product 4-Hydroxynonenal on Insulin Signaling in 3T3-
L1 Adipocytes, Diabetes. 57 (2008) 1216–1226. doi:10.2337/db07-0389. 

[84] M. Jaganjac, S. Almuraikhy, F. Al-Khelaifi, M. Al-Jaber, M. Bashah, N.A. Mazloum, K. Zarkovic, N. 
Zarkovic, G. Waeg, W. Kafienah, M.A. Elrayess, Combined metformin and insulin treatment reverses 
metabolically impaired omental adipogenesis and accumulation of 4-hydroxynonenal in obese 
diabetic patients, Redox Biol. 12 (2017) 483–490. doi:10.1016/j.redox.2017.03.012. 

[85] K.-L. Liu, W.-C. Kuo, C.-Y. Lin, C.-K. Lii, Y.-L. Liu, Y.-H. Cheng, C.-W. Tsai, Prevention of 4-
hydroxynonenal-induced lipolytic activation by carnosic acid is related to the induction of glutathione 
S-transferase in 3T3-L1 adipocytes, Free Radic. Biol. Med. 121 (2018) 1–8. 
doi:10.1016/j.freeradbiomed.2018.04.567. 

[86] H. Esterbauer, Cytotoxicity and genotoxicity of lipid-oxidation products., Am. J. Clin. Nutr. 57 (1993) 
779S-785S; discussion 785S-786S. http://www.ncbi.nlm.nih.gov/pubmed/8475896. 

[87] H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochemistry of 4-hydroxynonenal, 



malonaldehyde and related aldehydes., Free Radic. Biol. Med. 11 (1991) 81–128. 

[88] N. Zarkovic, 4-Hydroxynonenal as a bioactive marker of pathophysiological processes, Mol. Aspects 
Med. 24 (2003) 281–291. doi:10.1016/S0098-2997(03)00023-2. 

[89] K. Uchida, S. Toyokuni, K. Nishikawa, S. Kawakishi, H. Oda, H. Hiai, E.R. Stadtman, Michael Addition-
Type 4-Hydroxy-2-nonenal Adducts in Modified Low-Density Lipoproteins: Markers for 
Atherosclerosis, Biochemistry. 33 (1994) 12487–12494. doi:10.1021/bi00207a016. 

[90] W. Palinski, V.A. Ord, A.S. Plump, J.L. Breslow, D. Steinberg, J.L. Witztum, ApoE-deficient mice are a 
model of lipoprotein oxidation in atherogenesis. Demonstration of oxidation-specific epitopes in 
lesions and high titers of autoantibodies to malondialdehyde-lysine in serum., Arterioscler. Thromb. A 
J. Vasc. Biol. 14 (1994) 605–616. doi:10.1161/01.atv.14.4.605. 

[91] M.E. Rosenfeld, W. Palinski, S. Ylä-Herttuala, S. Butler, J.L. Witztum, Distribution of oxidation specific 
lipid-protein adducts and apolipoprotein B in atherosclerotic lesions of varying severity from WHHL 
rabbits., Arterioscler. An Off. J. Am. Hear. Assoc. Inc. 10 (1990) 336–349. doi:10.1161/01.atv.10.3.336. 

[92] J.H. Bräsen, T. Häkkinen, E. Malle, U. Beisiegel, S. Ylä-Herttuala, Patterns of oxidized epitopes, but not 
NF-κB expression, change during atherogenesis in WHHL rabbits, Atherosclerosis. 166 (2003) 13–21. 
doi:10.1016/s0021-9150(02)00130-2. 

[93] G. Jürgens, Q. Chen, H. Esterbauer, S. Mair, G. Ledinski, H.P. Dinges, Immunostaining of human 
autopsy aortas with antibodies to modified apolipoprotein B and apoprotein(a)., Arterioscler. 
Thromb. A J. Vasc. Biol. 13 (1993) 1689–1699. doi:10.1161/01.atv.13.11.1689. 

[94] E. Malle, G. Waeg, R. Schreiber, E.F. Gröne, W. Sattler, H.-J. Gröne, Immunohistochemical evidence 
for the myeloperoxidase/H2O2/halide system in human atherosclerotic lesions, Eur. J. Biochem. 267 
(2000) 4495–4503. doi:10.1046/j.1432-1327.2000.01498.x. 

[95] E. Malle, L. Hazell, R. Stocker, W. Sattler, H. Esterbauer, G. Waeg, Immunologic Detection and 
Measurement of Hypochlorite-Modified LDL With Specific Monoclonal Antibodies, Arterioscler. 
Thromb. Vasc. Biol. 15 (1995) 982–989. doi:10.1161/01.atv.15.7.982. 

[96] K. Zarkovic, P. Larroque-Cardoso, M. Pucelle, R. Salvayre, G. Waeg, A. Nègre-Salvayre, N. Zarkovic, 
Elastin aging and lipid oxidation products in human aorta, Redox Biol. 4 (2015) 109–117. 
doi:10.1016/j.redox.2014.12.008. 

[97] K. Sueishi, Y. Yonemitsu, K. Nakagawa, Y. Kaneda, M. Kumamoto, Y. Nakashima, Atherosclerosis and 
Angiogenesis: Its Pathophysiological Significance in Humans as Well as in an Animal Model Induced by 
the Gene Transfer of Vascular Endothelial Growth Factor, Ann. N. Y. Acad. Sci. 811 (1997) 311–324. 
doi:10.1111/j.1749-6632.1997.tb52011.x. 

[98] F.D. Kolodgie, H.K. Gold, A.P. Burke, D.R. Fowler, H.S. Kruth, D.K. Weber, A. Farb, L.J. Guerrero, M. 
Hayase, R. Kutys, J. Narula, A. V Finn, R. Virmani, Intraplaque Hemorrhage and Progression of 
Coronary Atheroma, N. Engl. J. Med. 349 (2003) 2316–2325. doi:10.1056/nejmoa035655. 

[99] R. Khurana, M. Simons, J.F. Martin, I.C. Zachary, Role of Angiogenesis in Cardiovascular Disease, 
Circulation. 112 (2005) 1813–1824. doi:10.1161/circulationaha.105.535294. 

[100] P.R. Moreno, K.-R. Purushothaman, M. Sirol, A.P. Levy, V. Fuster, Neovascularization in Human 
Atherosclerosis, Circulation. 113 (2006) 2245–2252. doi:10.1161/circulationaha.105.578955. 

[101] K.S. Moulton, Angiogenesis in atherosclerosis: gathering evidence beyond speculation, Curr. Opin. 
Lipidol. 17 (2006) 548–555. doi:10.1097/01.mol.0000245261.71129.f0. 

[102] S. Gargiulo, P. Gamba, G. Testa, D. Rossin, F. Biasi, G. Poli, G. Leonarduzzi, Relation between TLR4/NF-
κB signaling pathway activation by 27-hydroxycholesterol and 4-hydroxynonenal, and atherosclerotic 



plaque instability, Aging Cell. 14 (2015) 569–581. doi:10.1111/acel.12322. 

[103] S. Gargiulo, D. Rossin, G. Testa, P. Gamba, E. Staurenghi, F. Biasi, G. Poli, G. Leonarduzzi, Up-
regulation of COX-2 and mPGES-1 by 27-hydroxycholesterol and 4-hydroxynonenal: A crucial role in 
atherosclerotic plaque instability, Free Radic. Biol. Med. 129 (2018) 354–363. 
doi:10.1016/j.freeradbiomed.2018.09.046. 

[104] X. Xian, T. Sakurai, A. Kamiyoshi, Y. Ichikawa-Shindo, M. Tanaka, T. Koyama, H. Kawate, L. Yang, T. Liu, 
A. Imai, L. Zhai, K. Hirabayashi, K. Dai, K. Tanimura, T. Liu, N. Cui, K. Igarashi, A. Yamauchi, T. Shindo, 
Vasoprotective Activities of the Adrenomedullin-RAMP2 System in Endothelial Cells, Endocrinology. 
158 (2017) 1359–1372. doi:10.1210/en.2016-1531. 

[105] P.M. Ridker, E. Danielson, F.A.H. Fonseca, J. Genest, A.M. Gotto, J.J.P. Kastelein, W. Koenig, P. Libby, 
A.J. Lorenzatti, J.G. MacFadyen, B.G. Nordestgaard, J. Shepherd, J.T. Willerson, R.J. Glynn, 
Rosuvastatin to Prevent Vascular Events in Men and Women with Elevated C-Reactive Protein, N. 
Engl. J. Med. 359 (2008) 2195–2207. doi:10.1056/nejmoa0807646. 

[106] R.P. Brandes, S. Beer, T. Ha, R. Busse, Withdrawal of Cerivastatin Induces Monocyte Chemoattractant 
Protein 1 and Tissue Factor Expression in Cultured Vascular Smooth Muscle Cells, Arterioscler. 
Thromb. Vasc. Biol. 23 (2003) 1794–1800. doi:10.1161/01.atv.0000092126.25380.bc. 

[107] M. Margaritis, K.M. Channon, C. Antoniades, Statins as Regulators of Redox State in the Vascular 
Endothelium: Beyond Lipid Lowering, Antioxid. Redox Signal. 20 (2014) 1198–1215. 
doi:10.1089/ars.2013.5430. 

[108] S. Hörkkö, D.A. Bird, E. Miller, H. Itabe, N. Leitinger, G. Subbanagounder, J.A. Berliner, P. Friedman, 
E.A. Dennis, L.K. Curtiss, W. Palinski, J.L. Witztum, Monoclonal autoantibodies specific for oxidized 
phospholipids or oxidized phospholipid–protein adducts inhibit macrophage uptake of oxidized low-
density lipoproteins, J. Clin. Invest. 103 (1999) 117–128. doi:10.1172/jci4533. 

[109] G. Aldini, G. Vistoli, M. Stefek, N. Chondrogianni, T. Grune, J. Sereikaite, I. Sadowska-Bartosz, G. 
Bartosz, Molecular strategies to prevent, inhibit, and degrade advanced glycoxidation and advanced 
lipoxidation end products, Free Radic. Res. 47 (2013) 93–137. doi:10.3109/10715762.2013.792926. 

[110] S. Lee, K.G. Birukov, C.E. Romanoski, J.R. Springstead, A.J. Lusis, J.A. Berliner, Role of Phospholipid 
Oxidation Products in Atherosclerosis, Circ. Res. 111 (2012) 778–799. 
doi:10.1161/circresaha.111.256859. 

[111] J.M. Onorato, A.J. Jenkins, S.R. Thorpe, J.W. Baynes, Pyridoxamine, an Inhibitor of Advanced Glycation 
Reactions, Also Inhibits Advanced Lipoxidation Reactions, J. Biol. Chem. 275 (2000) 21177–21184. 
doi:10.1074/jbc.m003263200. 

[112] Z. Kang, H. Li, G. Li, D. Yin, Reaction of pyridoxamine with malondialdehyde: Mechanism of inhibition 
of formation of advanced lipoxidation end-products, Amino Acids. 30 (2005) 55–61. 
doi:10.1007/s00726-005-0209-6. 

[113] S.H. Lee, A. Matsunaga, T. Oe, Inhibition effect of pyridoxamine on lipid hydroperoxide-derived 
modifications to human serum albumin, PLoS One. 13 (2018) e0196050. 
doi:10.1371/journal.pone.0196050. 

[114] Z. Kyselova, A. Gajdosik, A. Gajdosikova, O. Ulicna, D. Mihalova, C. Karasu, M. Stefek, Effect of the 
pyridoindole antioxidant stobadine on development of experimental diabetic cataract and on lens 
protein oxidation in rats: comparison with vitamin E and BHT., Mol. Vis. 11 (2005) 56–65. 

[115] L. Horakova, A. Gieß;auf, G. Raber, H. Esterbauer, Effect of stobadine on Cu++-mediated oxidation of 
low-density lipoprotein, Biochem. Pharmacol. 51 (1996) 1277–1282. doi:10.1016/0006-
2952(96)00033-0. 



[116] R. Nagai, D.B. Murray, T.O. Metz, J.W. Baynes, Chelation: A Fundamental Mechanism of Action of AGE 
Inhibitors, AGE Breakers, and Other Inhibitors of Diabetes Complications, Diabetes. 61 (2012) 549–
559. doi:10.2337/db11-1120. 

[117] I. Blair, Endogenous Glutathione Adducts, Curr. Drug Metab. 7 (2006) 853–872. 
doi:10.2174/138920006779010601. 

[118] J. Sochman, N-acetylcysteine in acute cardiology: 10 years later, J. Am. Coll. Cardiol. 39 (2002) 1422–
1428. doi:10.1016/s0735-1097(02)01797-7. 

[119] B. Pekiner, N.N. Ulusu, N. Das-Evcimen, M. Sahilli, F. Aktan, M. Stefek, S. Stolc, C. Karasu, In vivo 
treatment with stobadine prevents lipid peroxidation, protein glycation and calcium overload but 
does not ameliorate Ca2+ -ATPase activity in heart and liver of streptozotocin-diabetic rats: 
comparison with vitamin E., Biochim. Biophys. Acta. 1588 (2002) 71–8. 
http://www.ncbi.nlm.nih.gov/pubmed/12379316. 

[120] M. Sanson, N. Augé, C. Vindis, C. Muller, Y. Bando, J.-C. Thiers, M.-A. Marachet, K. Zarkovic, Y. Sawa, 
R. Salvayre, A. Nègre-Salvayre, Oxidized Low-Density Lipoproteins Trigger Endoplasmic Reticulum 
Stress in Vascular Cells, Circ. Res. 104 (2009) 328–336. doi:10.1161/circresaha.108.183749. 

[121] Y. Lu, W. Qin, T. Shen, L. Dou, Y. Man, S. Wang, C. Xiao, J. Li, The antioxidant N-acetylcysteine 
promotes atherosclerotic plaque stabilization through suppression of RAGE, MMPs and NF-κB in 
ApoE-deficient mice., J. Atheroscler. Thromb. 18 (2011) 998–1008. doi:10.5551/jat.8870. 

[122] A.R. Hipkiss, Carnosine and its possible roles in nutrition and health., Adv. Food Nutr. Res. 57 (2009) 
87–154. doi:10.1016/S1043-4526(09)57003-9. 

[123] M. Carini, G. Aldini, G. Beretta, E. Arlandini, R.M. Facino, Acrolein-sequestering ability of endogenous 
dipeptides: characterization of carnosine and homocarnosine/acrolein adducts by electrospray 
ionization tandem mass spectrometry, J. Mass Spectrom. 38 (2003) 996–1006. doi:10.1002/jms.517. 

[124] G. Vistoli, M. Colzani, A. Mazzolari, E. Gilardoni, C. Rivaletto, M. Carini, G. Aldini, Quenching activity of 
carnosine derivatives towards reactive carbonyl species: Focus on α−(methylglyoxal) and 
β−(malondialdehyde) dicarbonyls, Biochem. Biophys. Res. Commun. 492 (2017) 487–492. 
doi:10.1016/j.bbrc.2017.08.069. 

[125] S. Menini, C. Iacobini, C. Ricci, A. Scipioni, C.B. Fantauzzi, A. Giaccari, E. Salomone, R. Canevotti, A. 
Lapolla, M. Orioli, G. Aldini, G. Pugliese, D-carnosine octylester attenuates atherosclerosis and renal 
disease in ApoE null mice fed a Western diet through reduction of carbonyl stress and inflammation, 
Br. J. Pharmacol. 166 (2012) 1344–1356. doi:10.1111/j.1476-5381.2012.01834.x. 

[126] E.J. Anderson, G. Vistoli, L.A. Katunga, K. Funai, L. Regazzoni, T.B. Monroe, E. Gilardoni, L. Cannizzaro, 
M. Colzani, D. De Maddis, G. Rossoni, R. Canevotti, S. Gagliardi, M. Carini, G. Aldini, A carnosine 
analog mitigates metabolic disorders of obesity by reducing carbonyl stress, J. Clin. Invest. 128 (2018) 
5280–5293. doi:10.1172/jci94307. 

[127] C. Vindis, I. Escargueil-Blanc, M. Elbaz, B. Marcheix, M.-H. Grazide, K. Uchida, R. Salvayre, A. Nègre-
Salvayre, Desensitization of Platelet-Derived Growth Factor Receptor-β by Oxidized Lipids in Vascular 
Cells and Atherosclerotic Lesions, Circ. Res. 98 (2006) 785–792. 
doi:10.1161/01.res.0000216288.93234.c3. 

[128] T. Grune, K.J.A. Davies, The proteasomal system and HNE-modified proteins, Mol. Aspects Med. 24 
(2003) 195–204. doi:10.1016/s0098-2997(03)00014-1. 

[129] J.P. Castro, T. Jung, T. Grune, W. Siems, 4-Hydroxynonenal (HNE) modified proteins in metabolic 
diseases, Free Radic. Biol. Med. 111 (2017) 309–315. doi:10.1016/j.freeradbiomed.2016.10.497. 



[130] X. Que, M.-Y. Hung, C. Yeang, A. Gonen, T.A. Prohaska, X. Sun, C. Diehl, A. Määttä, D.E. Gaddis, K. 
Bowden, J. Pattison, J.G. MacDonald, S. Ylä-Herttuala, P.L. Mellon, C.C. Hedrick, K. Ley, Y.I. Miller, C.K. 
Glass, K.L. Peterson, C.J. Binder, S. Tsimikas, J.L. Witztum, Oxidized phospholipids are 
proinflammatory and proatherogenic in hypercholesterolaemic mice, Nature. 558 (2018) 301–306. 
doi:10.1038/s41586-018-0198-8. 

[131] S. Salim, Oxidative Stress and the Central Nervous System, J. Pharmacol. Exp. Ther. 360 (2016) 201–
205. doi:10.1124/jpet.116.237503. 

[132] J.N. Cobley, M.L. Fiorello, D.M. Bailey, 13 Reasons Why the Brain Is Susceptible To Oxidative Stress, 
Redox Biol. 15 (2018) 490–503. doi:10.1016/j.redox.2018.01.008. 

[133] J.E. Le Belle, N.M. Orozco, A.A. Paucar, J.P. Saxe, J. Mottahedeh, A.D. Pyle, H. Wu, H.I. Kornblum, 
Proliferative neural stem cells have high endogenous ROS levels that regulate self-renewal and 
neurogenesis in a PI3K/Akt-dependant manner., Cell Stem Cell. 8 (2011) 59–71. 
doi:10.1016/j.stem.2010.11.028. 

[134] C. Wilson, C. González-Billault, Regulation of cytoskeletal dynamics by redox signaling and oxidative 
stress: implications for neuronal development and trafficking, Front. Cell. Neurosci. 9 (2015) 1–10. 
doi:10.3389/fncel.2015.00381. 

[135] M.C.W. Oswald, N. Garnham, S.T. Sweeney, M. Landgraf, Regulation of neuronal development and 
function by ROS, FEBS Lett. 592 (2018) 679–691. doi:10.1002/1873-3468.12972. 

[136] M. Olguín-Albuerne, J. Morán, ROS produced by NOX2 control in vitro development of cerebellar 
granule neurons development., ASN Neuro. 7 (2015). doi:10.1177/1759091415578712. 

[137] R.J. Ward, D.T. Dexter, R.R. Crichton, Neurodegenerative diseases and therapeutic strategies using 
iron chelators., J. Trace Elem. Med. Biol. 31 (2015) 267–73. doi:10.1016/j.jtemb.2014.12.012. 

[138] Y. Mou, J. Wang, J. Wu, D. He, C. Zhang, C. Duan, B. Li, Ferroptosis, a new form of cell death: 
opportunities and challenges in cancer, J. Hematol. Oncol. 12 (2019) 34. doi:10.1186/s13045-019-
0720-y. 

[139] A. Weiland, Y. Wang, W. Wu, X. Lan, X. Han, Q. Li, J. Wang, Ferroptosis and Its Role in Diverse Brain 
Diseases, Mol. Neurobiol. 56 (2019) 4880–4893. doi:10.1007/s12035-018-1403-3. 

[140] S. Dalleau, M. Baradat, F. Guéraud, L. Huc, Cell death and diseases related to oxidative stress: 4-
hydroxynonenal (HNE) in the balance., Cell Death Differ. 20 (2013) 1615–30. 
doi:10.1038/cdd.2013.138. 

[141] A.I. Rojo, G. McBean, M. Cindric, J. Egea, M.G. López, P. Rada, N. Zarkovic, A. Cuadrado, Redox Control 
of Microglial Function: Molecular Mechanisms and Functional Significance., Antioxid. Redox Signal. 
(2014). doi:10.1089/ars.2013.5745. 

[142] K. Zarkovic, 4-Hydroxynonenal and neurodegenerative diseases, Mol. Aspects Med. 24 (2003) 293–
303. doi:10.1016/S0098-2997(03)00024-4. 

[143] S. Przedborski, M. Vila, V. Jackson-Lewis, Series Introduction: Neurodegeneration: What is it and 
where are we?, J. Clin. Invest. 111 (2003) 3–10. doi:10.1172/JCI200317522. 

[144] P.F. Durrenberger, F.S. Fernando, S.N. Kashefi, T.P. Bonnert, D. Seilhean, B. Nait-Oumesmar, A. 
Schmitt, P.J. Gebicke-Haerter, P. Falkai, E. Grünblatt, M. Palkovits, T. Arzberger, H. Kretzschmar, D.T. 
Dexter, R. Reynolds, Common mechanisms in neurodegeneration and neuroinflammation: a BrainNet 
Europe gene expression microarray study, J. Neural Transm. 122 (2015) 1055–1068. 
doi:10.1007/s00702-014-1293-0. 

[145] S.S. Hardas, R. Sultana, A.M. Clark, T.L. Beckett, L.I. Szweda, M. Paul Murphy, D.A. Butterfield, 



Oxidative modification of lipoic acid by HNE in alzheimer disease brain, Redox Biol. 1 (2013) 80–85. 
doi:10.1016/j.redox.2013.01.002. 

[146] P.I. Moreira, M.S. Santos, C.R. Oliveira, J.C. Shenk, A. Nunomura, M.A. Smith, X. Zhu, G. Perry, 
Alzheimer disease and the role of free radicals in the pathogenesis of the disease., CNS Neurol. 
Disord. Drug Targets. 7 (2008) 3–10. http://www.ncbi.nlm.nih.gov/pubmed/18289026. 

[147] P. Youssef, B. Chami, J. Lim, T. Middleton, G.T. Sutherland, P.K. Witting, Evidence supporting oxidative 
stress in a moderately affected area of the brain in Alzheimer’s disease, Sci. Rep. 8 (2018) 11553. 
doi:10.1038/s41598-018-29770-3. 

[148] H. Yamazaki, K. Tanji, K. Wakabayashi, S. Matsuura, K. Itoh, Role of the Keap1/Nrf2 pathway in 
neurodegenerative diseases, Pathol. Int. 65 (2015) 210–219. doi:10.1111/pin.12261. 

[149] F.G. De Felice, P.T. Velasco, M.P. Lambert, K. Viola, S.J. Fernandez, S.T. Ferreira, W.L. Klein, Aβ 
Oligomers Induce Neuronal Oxidative Stress through an N -Methyl-D-aspartate Receptor-dependent 
Mechanism That Is Blocked by the Alzheimer Drug Memantine, J. Biol. Chem. 282 (2007) 11590–
11601. doi:10.1074/jbc.M607483200. 

[150] S. Bolognin, L. Messori, P. Zatta, Metal Ion Physiopathology in Neurodegenerative Disorders, 
NeuroMolecular Med. 11 (2009) 223–238. doi:10.1007/s12017-009-8102-1. 

[151] M.P. Cuajungco, L.E. Goldstein, A. Nunomura, M.A. Smith, J.T. Lim, C.S. Atwood, X. Huang, Y.W. 
Farrag, G. Perry, A.I. Bush, Evidence that the β-Amyloid Plaques of Alzheimer’s Disease Represent the 
Redox-silencing and Entombment of Aβ by Zinc, J. Biol. Chem. 275 (2000) 19439–19442. 
doi:10.1074/jbc.C000165200. 

[152] A.I. Bush, The metallobiology of Alzheimer’s disease, Trends Neurosci. 26 (2003) 207–214. 
doi:10.1016/S0166-2236(03)00067-5. 

[153] C.J. Frederickson, J.-Y. Koh, A.I. Bush, The neurobiology of zinc in health and disease, Nat. Rev. 
Neurosci. 6 (2005) 449–462. doi:10.1038/nrn1671. 

[154] T.A. Bayer, S. Schafer, A. Simons, A. Kemmling, T. Kamer, R. Tepests, A. Eckert, K. Schussel, O. 
Eikenberg, C. Sturchler-Pierrat, D. Abramowski, M. Staufenbiel, G. Multhaup, Dietary Cu stabilizes 
brain superoxide dismutase 1 activity and reduces amyloid A production in APP23 transgenic mice, 
Proc. Natl. Acad. Sci. 100 (2003) 14187–14192. doi:10.1073/pnas.2332818100. 

[155] H. Kessler, T.A. Bayer, D. Bach, T. Schneider-Axmann, T. Supprian, W. Herrmann, M. Haber, G. 
Multhaup, P. Falkai, F.-G. Pajonk, Intake of copper has no effect on cognition in patients with mild 
Alzheimer’s disease: a pilot phase 2 clinical trial, J. Neural Transm. 115 (2008) 1181–1187. 
doi:10.1007/s00702-008-0080-1. 

[156] E.M. Hwang, S.-K. Kim, J.-H. Sohn, J.Y. Lee, Y. Kim, Y.S. Kim, I. Mook-Jung, Furin is an endogenous 
regulator of α-secretase associated APP processing, Biochem. Biophys. Res. Commun. 349 (2006) 
654–659. doi:10.1016/j.bbrc.2006.08.077. 

[157] L. Silvestri, C. Camaschella, A potential pathogenetic role of iron in Alzheimer’s disease, J. Cell. Mol. 
Med. 12 (2008) 1548–1550. doi:10.1111/j.1582-4934.2008.00356.x. 

[158] T.T. Reed, Lipid peroxidation and neurodegenerative disease., Free Radic. Biol. Med. 51 (2011) 1302–
19. doi:10.1016/j.freeradbiomed.2011.06.027. 

[159] J. Hort, J.T. O’Brien, G. Gainotti, T. Pirttila, B.O. Popescu, I. Rektorova, S. Sorbi, P. Scheltens, EFNS 
guidelines for the diagnosis and management of Alzheimer’s disease, Eur. J. Neurol. 17 (2010) 1236–
1248. doi:10.1111/j.1468-1331.2010.03040.x. 

[160] P. Atukeren, M. Cengiz, H. Yavuzer, R. Gelisgen, E. Altunoglu, S. Oner, F. Erdenen, D. Yuceakın, H. 



Derici, U. Cakatay, H. Uzun, The efficacy of donepezil administration on acetylcholinesterase activity 
and altered redox homeostasis in Alzheimer’s disease, Biomed. Pharmacother. 90 (2017) 786–795. 
doi:10.1016/j.biopha.2017.03.101. 

[161] J.H. Jeong, B.Y. Choi, A.R. Kho, S.H. Lee, D.K. Hong, S.H. Lee, S.Y. Lee, H.K. Song, H.C. Choi, S.W. Suh, 
Diverse Effects of an Acetylcholinesterase Inhibitor, Donepezil, on Hippocampal Neuronal Death after 
Pilocarpine-Induced Seizure, Int. J. Mol. Sci. 18 (2017) 2311. doi:10.3390/ijms18112311. 

[162] D.M. Robinson, G.M. Keating, Memantine, Drugs. 66 (2006) 1515–1534. doi:10.2165/00003495-
200666110-00015. 

[163] M. Perluigi, R. Sultana, G. Cenini, F. Di Domenico, M. Memo, W.M. Pierce, R. Coccia, D.A. Butterfield, 
Redox proteomics identification of 4-hydroxynonenal-modified brain proteins in Alzheimer’s disease: 
Role of lipid peroxidation in Alzheimer’s disease pathogenesis., Proteomics. Clin. Appl. 3 (2009) 682–
693. doi:10.1002/prca.200800161. 

[164] P. Rizek, N. Kumar, M.S. Jog, An update on the diagnosis and treatment of Parkinson disease., CMAJ. 
188 (2016) 1157–1165. doi:10.1503/cmaj.151179. 

[165] J. Meiser, D. Weindl, K. Hiller, Complexity of dopamine metabolism, Cell Commun. Signal. 11 (2013) 
34. doi:10.1186/1478-811X-11-34. 

[166] A. Hald, J. Lotharius, Oxidative stress and inflammation in Parkinson’s disease: is there a causal link?, 
Exp. Neurol. 193 (2005) 279–90. doi:10.1016/j.expneurol.2005.01.013. 

[167] A.H. V. Schapira, J.M. Cooper, D. Dexter, J.B. Clark, P. Jenner, C.D. Marsden, Mitochondrial Complex I 
Deficiency in Parkinson’s Disease, J. Neurochem. 54 (1990) 823–827. doi:10.1111/j.1471-
4159.1990.tb02325.x. 

[168] E. Sofic, K.W. Lange, K. Jellinger, P. Riederer, Reduced and oxidized glutathione in the substantia nigra 
of patients with Parkinson’s disease., Neurosci. Lett. 142 (1992) 128–30. doi:10.1016/0304-
3940(92)90355-b. 

[169] R.J. Castellani, G. Perry, S.L. Siedlak, A. Nunomura, S. Shimohama, J. Zhang, T. Montine, L.M. Sayre, 
M.A. Smith, Hydroxynonenal adducts indicate a role for lipid peroxidation in neocortical and 
brainstem Lewy bodies in humans, Neurosci. Lett. 319 (2002) 25–28. doi:10.1016/S0304-
3940(01)02514-9. 

[170] A. Romano, G. Serviddio, S. Calcagnini, R. Villani, A.M. Giudetti, T. Cassano, S. Gaetani, Linking lipid 
peroxidation and neuropsychiatric disorders: focus on 4-hydroxy-2-nonenal., Free Radic. Biol. Med. 
111 (2017) 281–293. doi:10.1016/j.freeradbiomed.2016.12.046. 

[171] Z. Qin, D. Hu, S. Han, S.H. Reaney, D.A. Di Monte, A.L. Fink, Effect of 4-Hydroxy-2-nonenal 
Modification on α-Synuclein Aggregation, J. Biol. Chem. 282 (2007) 5862–5870. 
doi:10.1074/jbc.M608126200. 

[172] W. Xiang, J.C.M. Schlachetzki, S. Helling, J.C. Bussmann, M. Berlinghof, T.E. Schäffer, K. Marcus, J. 
Winkler, J. Klucken, C.-M. Becker, Oxidative stress-induced posttranslational modifications of alpha-
synuclein: Specific modification of alpha-synuclein by 4-hydroxy-2-nonenal increases dopaminergic 
toxicity, Mol. Cell. Neurosci. 54 (2013) 71–83. doi:10.1016/j.mcn.2013.01.004. 

[173] Y. Shin, B.H. White, M. Uh, A. Sidhu, Modulation of D1-like dopamine receptor function by aldehydic 
products of lipid peroxidation., Brain Res. 968 (2003) 102–13. doi:10.1016/s0006-8993(02)04279-8. 

[174] J.J. Ferreira, R. Katzenschlager, B.R. Bloem, U. Bonuccelli, D. Burn, G. Deuschl, E. Dietrichs, G. Fabbrini, 
A. Friedman, P. Kanovsky, V. Kostic, A. Nieuwboer, P. Odin, W. Poewe, O. Rascol, C. Sampaio, M. 
Schüpbach, E. Tolosa, C. Trenkwalder, A. Schapira, A. Berardelli, W.H. Oertel, Summary of the 



recommendations of the EFNS/MDS-ES review on therapeutic management of Parkinson’s disease, 
Eur. J. Neurol. 20 (2013) 5–15. doi:10.1111/j.1468-1331.2012.03866.x. 

[175] P. Maiti, J. Manna, G.L. Dunbar, Current understanding of the molecular mechanisms in Parkinson’s 
disease: Targets for potential treatments, Transl. Neurodegener. 6 (2017) 28. doi:10.1186/s40035-
017-0099-z. 

[176] A.H. V Schapira, The clinical relevance of levodopa toxicity in the treatment of Parkinson’s disease., 
Mov. Disord. 23 Suppl 3 (2008) S515-20. doi:10.1002/mds.22146. 

[177] O. Weinreb, T. Amit, P. Riederer, M.B.H. Youdim, S.A. Mandel, Neuroprotective profile of the 
multitarget drug rasagiline in Parkinson’s disease, in: 2011: pp. 127–149. doi:10.1016/B978-0-12-
386467-3.00007-8. 

[178] V.S. Tisma, A. Basta-Juzbasic, M. Jaganjac, L. Brcic, I. Dobric, J. Lipozencic, F. Tatzber, N. Zarkovic, M. 
Poljak-Blazi, Oxidative stress and ferritin expression in the skin of patients with rosacea., J. Am. Acad. 
Dermatol. 60 (2009) 270–6. doi:10.1016/j.jaad.2008.10.014. 

[179] J. Karczewski, A. Dobrowolska, A. Rychlewska-Hańczewska, Z. Adamski, New insights into the role of T 
cells in pathogenesis of psoriasis and psoriatic arthritis., Autoimmunity. 49 (2016) 435–450. 
doi:10.3109/08916934.2016.1166214. 

[180] C.E.M. Griffiths, J.M. van der Walt, D.M. Ashcroft, C. Flohr, L. Naldi, T. Nijsten, M. Augustin, The global 
state of psoriasis disease epidemiology: a workshop report, Br. J. Dermatol. 177 (2017) e4–e7. 
doi:10.1111/bjd.15610. 

[181] L. Naldi, L. Chatenoud, D. Linder, A. Belloni Fortina, A. Peserico, A.R. Virgili, P.L. Bruni, V. Ingordo, G. 
Lo Scocco, C. Solaroli, D. Schena, A. Barba, A. Di Landro, E. Pezzarossa, F. Arcangeli, C. Gianni, R. Betti, 
P. Carli, A. Farris, G.F. Barabino, C. La Vecchia, Cigarette Smoking, Body Mass Index, and Stressful Life 
Events as Risk Factors for Psoriasis: Results from an Italian Case–Control Study, J. Invest. Dermatol. 
125 (2005) 61–67. doi:10.1111/j.0022-202x.2005.23681.x. 

[182] C. Sticozzi, G. Belmonte, A. Pecorelli, B. Arezzini, C. Gardi, E. Maioli, C. Miracco, M. Toscano, H.J. 
Forman, G. Valacchi, Cigarette Smoke Affects Keratinocytes SRB1 Expression and Localization via 
H2O2 Production and HNE Protein Adducts Formation, PLoS One. 7 (2012) e33592. 
doi:10.1371/journal.pone.0033592. 

[183] S. Lecas, E. Boursier, R. Fitoussi, K. Vié, I. Momas, N. Seta, S. Achard, In vitro model adapted to the 
study of skin ageing induced by air pollution, Toxicol. Lett. 259 (2016) 60–68. 
doi:10.1016/j.toxlet.2016.07.026. 

[184] A. Pecorelli, B. Woodby, R. Prieux, G. Valacchi, Involvement of 4-hydroxy-2-nonenal in pollution-
induced skin damage, BioFactors. (2019). doi:10.1002/biof.1513. 

[185] T. McGarry, M. Biniecka, D.J. Veale, U. Fearon, Hypoxia, oxidative stress and inflammation, Free 
Radic. Biol. Med. 125 (2018) 15–24. doi:10.1016/j.freeradbiomed.2018.03.042. 

[186] C. Rosenberger, C. Solovan, A.D. Rosenberger, L. Jinping, R. Treudler, U. Frei, K.-U. Eckardt, L.F. 
Brown, Upregulation of Hypoxia-Inducible Factors in Normal and Psoriatic Skin, J. Invest. Dermatol. 
127 (2007) 2445–2452. doi:10.1038/sj.jid.5700874. 

[187] İ. Kökçam, M. Nazıroğlu, Antioxidants and lipid peroxidation status in the blood of patients with 
psoriasis, Clin. Chim. Acta. 289 (1999) 23–31. doi:10.1016/s0009-8981(99)00150-3. 

[188] G. Valacchi, C. Sticozzi, A. Pecorelli, F. Cervellati, C. Cervellati, E. Maioli, Cutaneous responses to 
environmental stressors, Ann. N. Y. Acad. Sci. 1271 (2012) 75–81. doi:10.1111/j.1749-
6632.2012.06724.x. 



[189] E. Ambrożewicz, P. Wójcik, A. Wroński, W. Łuczaj, A. Jastrząb, N. Žarković, E. Skrzydlewska, 
Pathophysiological Alterations of Redox Signaling and Endocannabinoid System in Granulocytes and 
Plasma of Psoriatic Patients., Cells. 7 (2018). doi:10.3390/cells7100159. 

[190] M. Biniecka, E. Fox, W. Gao, C.T. Ng, D.J. Veale, U. Fearon, J. O’Sullivan, Hypoxia induces 
mitochondrial mutagenesis and dysfunction in inflammatory arthritis, Arthritis Rheum. 63 (2011) 
2172–2182. doi:10.1002/art.30395. 

[191] P. Wójcik, M. Biernacki, A. Wroński, W. Łuczaj, G. Waeg, N. Žarković, E. Skrzydlewska, Altered Lipid 
Metabolism in Blood Mononuclear Cells of Psoriatic Patients Indicates Differential Changes in 
Psoriasis Vulgaris and Psoriatic Arthritis., Int. J. Mol. Sci. 20 (2019). doi:10.3390/ijms20174249. 

[192] L. Mallbris, F. Granath, A. Hamsten, M. Ståhle, Psoriasis is associated with lipid abnormalities at the 
onset of skin disease, J. Am. Acad. Dermatol. 54 (2006) 614–621. doi:10.1016/j.jaad.2005.11.1079. 

[193] Z. Javidi, N. Meibodi, Y. Nahidi, Serum lipids abnormalities and psoriasis, Indian J. Dermatol. 52 (2007) 
89. doi:10.4103/0019-5154.33285. 

[194] A. Pietrzak, A. Michalak-Stoma, G. Chodorowska, J.C. Szepietowski, Lipid Disturbances in Psoriasis: An 
Update, Mediators Inflamm. 2010 (2010) 1–13. doi:10.1155/2010/535612. 

[195] W. Łuczaj, A. Gęgotek, E. Skrzydlewska, Antioxidants and HNE in redox homeostasis, Free Radic. Biol. 
Med. 111 (2017) 87–101. doi:10.1016/j.freeradbiomed.2016.11.033. 

[196] C. Yazici, K. Köse, S. Utaş, E. Tanrikulu, N. Taşlidere, A novel approach in psoriasis: first usage of 
known protein oxidation markers to prove oxidative stress, Arch. Dermatol. Res. 308 (2016) 207–212. 
doi:10.1007/s00403-016-1624-0. 

[197] A. Gęgotek, P. Domingues, A. Wroński, P. Wójcik, E. Skrzydlewska, Proteomic plasma profile of 
psoriatic patients, J. Pharm. Biomed. Anal. 155 (2018) 185–193. doi:10.1016/j.jpba.2018.03.068. 

[198] F. Khan, Moinuddin, A.R. Mir, S. Islam, M. Abidi, M.A. Husain, R.H. Khan, Unsaturated aldehyde, 4-
hydroxynonenal (HNE) alters the structural integrity of HSA with consequences in the immuno-
pathology of rheumatoid arthritis, Int. J. Biol. Macromol. 112 (2018) 306–314. 
doi:10.1016/j.ijbiomac.2018.01.188. 

[199] E. Balogh, D.J. Veale, T. McGarry, C. Orr, Z. Szekanecz, C.-T. Ng, U. Fearon, M. Biniecka, Oxidative 
stress impairs energy metabolism in primary cells and synovial tissue of patients with rheumatoid 
arthritis, Arthritis Res. Ther. 20 (2018). doi:10.1186/s13075-018-1592-1. 

[200] T. McGarry, M. Biniecka, W. Gao, D. Cluxton, M. Canavan, S. Wade, S. Wade, L. Gallagher, C. Orr, D.J. 
Veale, U. Fearon, Resolution of TLR2-induced inflammation through manipulation of metabolic 
pathways in Rheumatoid Arthritis, Sci. Rep. 7 (2017). doi:10.1038/srep43165. 

[201] M. Sikora, A. Stec, M. Chrabaszcz, A. Waskiel-Burnat, M. Zaremba, M. Olszewska, L. Rudnicka, 
Intestinal Fatty Acid Binding Protein, a Biomarker of Intestinal Barrier, is Associated with Severity of 
Psoriasis, J. Clin. Med. 8 (2019) 1021. doi:10.3390/jcm8071021. 

[202] F. Schroeder, A.L. McIntosh, G.G. Martin, H. Huang, D. Landrock, S. Chung, K.K. Landrock, L.J. Dangott, 
S. Li, M. Kaczocha, E.J. Murphy, B.P. Atshaves, A.B. Kier, Fatty Acid Binding Protein-1 (FABP1) and the 
Human FABP1 T94A Variant: Roles in the Endocannabinoid System and Dyslipidemias, Lipids. 51 
(2016) 655–676. doi:10.1007/s11745-016-4155-8. 

[203] A. Bennaars-Eiden, L. Higgins, A. V Hertzel, R.J. Kapphahn, D.A. Ferrington, D.A. Bernlohr, Covalent 
modification of epithelial fatty acid-binding protein by 4-hydroxynonenal in vitro and in vivo. 
Evidence for a role in antioxidant biology., J. Biol. Chem. 277 (2002) 50693–702. 
doi:10.1074/jbc.M209493200. 



[204] A. Gęgotek, P. Domingues, A. Wroński, E. Ambrożewicz, E. Skrzydlewska, The Proteomic Profile of 
Keratinocytes and Lymphocytes in Psoriatic Patients, PROTEOMICS – Clin. Appl. 13 (2019) 1800119. 
doi:10.1002/prca.201800119. 

[205] Q. Zhou, U. Mrowietz, M. Rostami-Yazdi, Oxidative stress in the pathogenesis of psoriasis, Free Radic. 
Biol. Med. 47 (2009) 891–905. doi:10.1016/j.freeradbiomed.2009.06.033. 

[206] A. Gęgotek, E. Skrzydlewska, Biological effect of protein modifications by lipid peroxidation products, 
Chem. Phys. Lipids. 221 (2019) 46–52. doi:10.1016/j.chemphyslip.2019.03.011. 

[207] C. Johansen, K. Kragballe, M. Westergaard, J. Henningsen, K. Kristiansen, L. Iversen, The mitogen-
activated protein kinases p38 and ERK1/2 are increased in lesional psoriatic skin, Br. J. Dermatol. 152 
(2005) 37–42. doi:10.1111/j.1365-2133.2004.06304.x. 

[208] K. Sakurai, T. Dainichi, S. Garcet, S. Tsuchiya, Y. Yamamoto, A. Kitoh, T. Honda, T. Nomura, G. Egawa, 
A. Otsuka, S. Nakajima, R. Matsumoto, Y. Nakano, M. Otsuka, Y. Iwakura, Y. Grinberg-Bleyer, S. 
Ghosh, Y. Sugimoto, E. Guttman-Yassky, J.G. Krueger, K. Kabashima, Cutaneous p38 mitogen-
activated protein kinase activation triggers psoriatic dermatitis, J. Allergy Clin. Immunol. (2019). 
doi:10.1016/j.jaci.2019.06.019. 

[209] A. Barski, M. Yukawa, S. Jagannathan, A. Kartashov, X. Chen, M. Weirauch, AP-1 transcription factor 
remodels chromatin during T cell activation., J. Immunol. 200 (2018) 110.16 LP-110.16. 

[210] E.M.Y. Moresco, D. LaVine, B. Beutler, Toll-like receptors, Curr. Biol. 21 (2011) R488–R493. 
doi:10.1016/j.cub.2011.05.039. 

[211] P. Lepetsos, A.G. Papavassiliou, ROS/oxidative stress signaling in osteoarthritis, Biochim. Biophys. 
Acta - Mol. Basis Dis. 1862 (2016) 576–591. doi:10.1016/j.bbadis.2016.01.003. 

[212] J.T. Elder, Genome-wide association scan yields new insights into the immunopathogenesis of 
psoriasis, Genes Immun. 10 (2009) 201–209. doi:10.1038/gene.2009.11. 

[213] P.P. Tak, G.S. Firestein, NF-κB: a key role in inflammatory diseases, J. Clin. Invest. 107 (2001) 7–11. 
doi:10.1172/jci11830. 

[214] J. An, Z. Li, Y. Dong, J. Ren, J. Huo, Amentoflavone protects against psoriasis-like skin lesion through 
suppression of NF-κB-mediated inflammation and keratinocyte proliferation, Mol. Cell. Biochem. 413 
(2016) 87–95. doi:10.1007/s11010-015-2641-6. 

[215] H. Chen, C. Lu, H. Liu, M. Wang, H. Zhao, Y. Yan, L. Han, Quercetin ameliorates imiquimod-induced 
psoriasis-like skin inflammation in mice via the NF-κB pathway, Int. Immunopharmacol. 48 (2017) 
110–117. doi:10.1016/j.intimp.2017.04.022. 

[216] A. Gęgotek, E. Skrzydlewska, The role of transcription factor Nrf2 in skin cells metabolism, Arch. 
Dermatol. Res. 307 (2015) 385–396. doi:10.1007/s00403-015-1554-2. 

[217] L. Yang, X. Fan, T. Cui, E. Dang, G. Wang, Nrf2 Promotes Keratinocyte Proliferation in Psoriasis through 
Up-Regulation of Keratin 6, Keratin 16, and Keratin 17, J. Invest. Dermatol. 137 (2017) 2168–2176. 
doi:10.1016/j.jid.2017.05.015. 

[218] F. Guéraud, 4-Hydroxynonenal metabolites and adducts in pre-carcinogenic conditions and cancer, 
Free Radic. Biol. Med. 111 (2017) 196–208. doi:10.1016/j.freeradbiomed.2016.12.025. 

[219] R.C.M. Siow, T. Ishii, G.E. Mann, Modulation of antioxidant gene expression by 4-hydroxynonenal: 
atheroprotective role of the Nrf2/ARE transcription pathway., Redox Rep. 12 (2007) 11–5. 
doi:10.1179/135100007X162167. 

[220] R. Zheng, D.E. Heck, V. Mishin, A.T. Black, M.P. Shakarjian, A.-N.T. Kong, D.L. Laskin, J.D. Laskin, 



Modulation of keratinocyte expression of antioxidants by 4-hydroxynonenal, a lipid peroxidation end 
product, Toxicol. Appl. Pharmacol. 275 (2014) 113–121. doi:10.1016/j.taap.2014.01.001. 

[221] Y.C. Awasthi, R. Sharma, J.Z. Cheng, Y. Yang, A. Sharma, S.S. Singhal, S. Awasthi, Role of 4-
hydroxynonenal in stress-mediated apoptosis signaling, Mol. Aspects Med. 24 (2003) 219–230. 
doi:10.1016/s0098-2997(03)00017-7. 

[222] N. Moorchung, B. Vasudevan, S. Dinesh Kumar, A. Muralidhar, Expression of apoptosis regulating 
proteins p53 and bcl-2 in psoriasis, Indian J. Pathol. Microbiol. 58 (2015) 423. doi:10.4103/0377-
4929.168861. 

[223] G. Cenini, R. Sultana, M. Memo, D.A. Butterfield, Elevated levels of pro-apoptotic p53 and its 
oxidative modification by the lipid peroxidation product, HNE,in brain from subjects with amnestic 
mild cognitive impairment and Alzheimer’s disease, J. Cell. Mol. Med. 12 (2008) 987–994. 
doi:10.1111/j.1582-4934.2008.00163.x. 

[224] S. Mishra, A. Kumar, P.K. Varadwaj, K. Misra, Structure-Based Drug Designing and Simulation Studies 
for Finding Novel Inhibitors of Heat Shock Protein (HSP70) as Suppressors for Psoriasis, Interdiscip. 
Sci. Comput. Life Sci. 10 (2016) 271–281. doi:10.1007/s12539-016-0188-1. 

[225] L. Yang, H. Chen, J. Wang, T. Xia, H. Sun, C. Yuan, S. Liu, J. Chen, 4-HNE Induces Apoptosis of Human 
Retinal Pigment Epithelial Cells by Modifying HSP70, Curr. Med. Sci. 39 (2019) 442–448. 
doi:10.1007/s11596-019-2057-8. 

[226] A.C. Timucin, H. Basaga, Pro-apoptotic effects of lipid oxidation products: HNE at the crossroads of 
NF-κB pathway and anti-apoptotic Bcl-2, Free Radic. Biol. Med. 111 (2017) 209–218. 
doi:10.1016/j.freeradbiomed.2016.11.010. 

[227] C. Lanna, M. Mancini, R. Gaziano, M.V. Cannizzaro, M. Galluzzo, M. Talamonti, V. Rovella, M. 
Annicchiarico-Petruzzelli, G. Melino, Y. Wang, Y. Shi, E. Campione, L. Bianchi, Skin immunity and its 
dysregulation in psoriasis, Cell Cycle. (2019) 1–9. doi:10.1080/15384101.2019.1653099. 

[228] H. Basaga, Cross-talk between Bcl-2 and IKK in 4-hydroxynonenal-induced apoptosis, Free Radic. Biol. 
Med. 124 (2018) 559. doi:10.1016/j.freeradbiomed.2018.05.013. 

[229] S.C.-S. Hu, H.-S. Yu, F.-L. Yen, C.-L. Lin, G.-S. Chen, C.-C.E. Lan, Neutrophil extracellular trap formation 
is increased in psoriasis and induces human β-defensin-2 production in epidermal keratinocytes, Sci. 
Rep. 6 (2016). doi:10.1038/srep31119. 

[230] V. Brinkmann, A. Zychlinsky, Neutrophil extracellular traps: Is immunity the second function of 
chromatin?, J. Cell Biol. 198 (2012) 773–783. doi:10.1083/jcb.201203170. 

[231] V. Papayannopoulos, Neutrophil extracellular traps in immunity and disease, Nat. Rev. Immunol. 18 
(2017) 134–147. doi:10.1038/nri.2017.105. 

[232] D. Awasthi, S. Nagarkoti, A. Kumar, M. Dubey, A.K. Singh, P. Pathak, T. Chandra, M.K. Barthwal, M. 
Dikshit, Oxidized LDL induced extracellular trap formation in human neutrophils via TLR-PKC-IRAK-
MAPK and NADPH-oxidase activation, Free Radic. Biol. Med. 93 (2016) 190–203. 
doi:10.1016/j.freeradbiomed.2016.01.004. 

[233] E.I. Finkelstein, J. Ruben, C.W. Koot, M. Hristova, A. van der Vliet, Regulation of constitutive 
neutrophil apoptosis by the α,β-unsaturated aldehydes acrolein and 4-hydroxynonenal, Am. J. 
Physiol. Cell. Mol. Physiol. 289 (2005) L1019–L1028. doi:10.1152/ajplung.00227.2005. 

[234] S.K. Biswas, Does the Interdependence between Oxidative Stress and Inflammation Explain the 
Antioxidant Paradox?, Oxid. Med. Cell. Longev. 2016 (2016) 1–9. doi:10.1155/2016/5698931. 

[235] C. Roubille, V. Richer, T. Starnino, C. McCourt, A. McFarlane, P. Fleming, S. Siu, J. Kraft, C. Lynde, J. 



Pope, W. Gulliver, S. Keeling, J. Dutz, L. Bessette, R. Bissonnette, B. Haraoui, The effects of tumour 
necrosis factor inhibitors, methotrexate, non-steroidal anti-inflammatory drugs and corticosteroids 
on cardiovascular events in rheumatoid arthritis, psoriasis and psoriatic arthritis: a systematic review 
and meta-analysis, Ann. Rheum. Dis. 74 (2015) 480–489. doi:10.1136/annrheumdis-2014-206624. 

[236] N.T. Costa, T.M.V. Iriyoda, D.F. Alfieri, A.N.C. Simão, I. Dichi, Influence of disease-modifying 
antirheumatic drugs on oxidative and nitrosative stress in patients with rheumatoid arthritis, 
Inflammopharmacology. 26 (2018) 1151–1164. doi:10.1007/s10787-018-0514-9. 

[237] I. Emerit, J. Antunes, J.M. Silva, J. Freitas, T. Pinheiro, P. Filipe, Clastogenic Plasma Factors in Psoriasis-
Comparison of Phototherapy and Anti-TNF-α Treatments, Photochem. Photobiol. 87 (2011) 1427–
1432. doi:10.1111/j.1751-1097.2011.00982.x. 

[238] S. Neri, S.S. Signorelli, D. Ierna, B. Mauceri, G. Abate, F. Bordonaro, D. Cilio, M. Malaguarnera, Role of 
Ademetionine (S-Adenosylmethionine) in Cyclosporin-Induced Cholestasis, Clin. Drug Investig. 22 
(2002) 191–195. doi:10.2165/00044011-200222030-00006. 

[239] A.-L. Levonen, B.G. Hill, E. Kansanen, J. Zhang, V.M. Darley-Usmar, Redox regulation of antioxidants, 
autophagy, and the response to stress: Implications for electrophile therapeutics, Free Radic. Biol. 
Med. 71 (2014) 196–207. doi:10.1016/j.freeradbiomed.2014.03.025. 

[240] Y. Ogawa, T. Kawamura, S. Shimada, Squamous Cell Carcinoma in a Patient With Psoriasis After a 10-
Year Administration of Cyclosporin A, Clin. Ski. Cancer. 1 (2016) 2–3. doi:10.1016/j.clsc.2016.07.001. 

[241] A. Gęgotek, J. Nikliński, N. Žarković, K. Žarković, G. Waeg, W. Łuczaj, R. Charkiewicz, E. Skrzydlewska, 
Lipid mediators involved in the oxidative stress and antioxidant defence of human lung cancer cells., 
Redox Biol. 9 (2016) 210–219. doi:10.1016/j.redox.2016.08.010. 

[242] S.E. Ullrich, Mechanisms underlying UV-induced immune suppression, Mutat. Res. Mol. Mech. 
Mutagen. 571 (2005) 185–205. doi:10.1016/j.mrfmmm.2004.06.059. 

[243] Y. Ramot, A. Mastrofrancesco, E. Camera, P. Desreumaux, R. Paus, M. Picardo, The role of PPARγ-
mediated signalling in skin biology and pathology: new targets and opportunities for clinical 
dermatology, Exp. Dermatol. 24 (2015) 245–251. doi:10.1111/exd.12647. 

[244] N. El Eishi, R. Hegazy, O. Abou Zeid, O. Shaker, Peroxisome Proliferator Receptor (PPAR) β/δ in 
psoriatic patients before and after two conventional therapeutic modalities: methotrexate and PUVA, 
Eur. J. Dermatology. 21 (2011) 691–695. doi:10.1684/ejd.2011.1422. 

[245] M. Demerjian, M.-Q. Man, E.-H. Choi, B.E. Brown, D. Crumrine, S. Chang, T. Mauro, P.M. Elias, K.R. 
Feingold, Topical treatment with thiazolidinediones, activators of peroxisome proliferator-activated 
receptor-?, normalizes epidermal homeostasis in a murine hyperproliferative disease model, Exp. 
Dermatol. 15 (2006) 154–160. doi:10.1111/j.1600-0625.2006.00402.x. 

[246] A. Mastrofrancesco, D. Kovacs, M. Sarra, E. Bastonini, G. Cardinali, N. Aspite, E. Camera, P. Chavatte, 
P. Desreumaux, G. Monteleone, M. Picardo, Preclinical Studies of a Specific PPARγ Modulator in the 
Control of Skin Inflammation, J. Invest. Dermatol. 134 (2014) 1001–1011. doi:10.1038/jid.2013.448. 

[247] J. González-Gallego, M.V. García-Mediavilla, S. Sánchez-Campos, M.J. Tuñón, Anti-inflammatory, 
Immunomodulatory, and Prebiotic Properties of Dietary Flavonoids, Polyphenols Prev. Treat. Hum. 
Dis. (2018) 327–345. doi:10.1016/b978-0-12-813008-7.00028-x. 

[248] R.S. Patwardhan, D. Sharma, M. Thoh, R. Checker, S.K. Sandur, Baicalein exhibits anti-inflammatory 
effects via inhibition of NF-κB transactivation, Biochem. Pharmacol. 108 (2016) 75–89. 
doi:10.1016/j.bcp.2016.03.013. 

[249] R. Varatharajalu, M. Garige, L.C. Leckey, K. Reyes-Gordillo, R. Shah, M.R. Lakshman, Protective Role of 



Dietary Curcumin in the Prevention of the Oxidative Stress Induced by Chronic Alcohol with respect to 
Hepatic Injury and Antiatherogenic Markers, Oxid. Med. Cell. Longev. 2016 (2016) 1–10. 
doi:10.1155/2016/5017460. 

[250] B.T. Kurien, A. D’Souza, R.H. Scofield, Heat-solubilized curry spice curcumin inhibits antibody-antigen 
interaction inin vitrostudies: A possible therapy to alleviate autoimmune disorders, Mol. Nutr. Food 
Res. (2010) NA-NA. doi:10.1002/mnfr.200900106. 

[251] C. Lee, G.H. Park, E.M. Ahn, B.-A. Kim, C.-I. Park, J.-H. Jang, Protective effect of Codium fragile against 
UVB-induced pro-inflammatory and oxidative damages in HaCaT cells and BALB/c mice, Fitoterapia. 
86 (2013) 54–63. doi:10.1016/j.fitote.2013.01.020. 

[252] A.R. Mason, J. Mason, M. Cork, G. Dooley, H. Hancock, Topical treatments for chronic plaque 
psoriasis, Cochrane Database Syst. Rev. (2013). doi:10.1002/14651858.cd005028.pub3. 

[253] B. Nikooyeh, T.R. Neyestani, Oxidative stress, type 2 diabetes and vitamin D: past, present and future, 
Diabetes. Metab. Res. Rev. 32 (2015) 260–267. doi:10.1002/dmrr.2718. 

[254] C.-Y. Ke, F.-L. Yang, W.-T. Wu, C.-H. Chung, R.-P. Lee, W.-T. Yang, Y.-M. Subeq, K.-W. Liao, Vitamin D3 
Reduces Tissue Damage and Oxidative Stress Caused by Exhaustive Exercise, Int. J. Med. Sci. 13 (2016) 
147–153. doi:10.7150/ijms.13746. 

[255] M. Bhat, A. Ismail, Vitamin D treatment protects against and reverses oxidative stress induced muscle 
proteolysis, J. Steroid Biochem. Mol. Biol. 152 (2015) 171–179. doi:10.1016/j.jsbmb.2015.05.012. 

[256] Z. Mokhtari, A. Hekmatdoost, M. Nourian, Antioxidant efficacy of vitamin D, J. Parathyr. Dis. 5 (2017) 
11–16. 

[257] E. Ambrożewicz, M. Muszyńska, G. Tokajuk, G. Grynkiewicz, N. Žarković, E. Skrzydlewska, Beneficial 
Effects of Vitamins K and D3 on Redox Balance of Human Osteoblasts Cultured with Hydroxyapatite-
Based Biomaterials, Cells. 8 (2019) 325. doi:10.3390/cells8040325. 

[258] A. Fogagnolo Mauricio, J.A. Pereira, H. Santo Neto, M.J. Marques, Effects of fish oil containing 
eicosapentaenoic acid and docosahexaenoic acid on dystrophic mdx mice hearts at later stages of 
dystrophy, Nutrition. 32 (2016) 855–862. doi:10.1016/j.nut.2016.01.015. 

[259] T. Kojima, T. Terano, E. Tanabe, S. Okamoto, Y. Tamura, S. Yoshida, Long-Term Administration of 
Highly Purified Eicosapentaenoic Acid Provides Improvement of Psoriasis, Dermatology. 182 (1991) 
225–230. doi:10.1159/000247800. 

[260] M.H. Zulfakar, M. Edwards, C.M. Heard, Is there a role for topically delivered eicosapentaenoic acid in 
the treatment of psoriasis?, Eur. J. Dermatol. 17 (2007) 284–91. doi:10.1684/ejd.2007.0201. 

[261] H.-C. Lee, M. Tominaga, K. Yasukawa, M. Ohba, N. Takahashi, K. Honda, T. Okuno, K. Takamori, T. 
Yokomizo, Dietary supplementation of omega-3 fatty acid eicosapentaenoic acid does not ameliorate 
pruritus in murine models of atopic dermatitis and psoriasis, J. Dermatol. Sci. (2019). 
doi:10.1016/j.jdermsci.2019.07.010. 

[262] M. Wolters, Diet and psoriasis: experimental data and clinical evidence, Br. J. Dermatol. 153 (2005) 
706–714. doi:10.1111/j.1365-2133.2005.06781.x. 

[263] K.H. Basavaraj, C. Seemanthini, R. Rashmi, Diet in dermatology: Present perspectives, Indian J. 
Dermatol. 55 (2010) 205. doi:10.4103/0019-5154.70662. 

[264] S. Choudhary, A. Pandey, M.K. Khan, S. Khan, S. Rustagi, G. Thomas, Psoriasis: Role of dietary 
management in diminution of its symptoms, Biosci. Biotechnol. Res. Commun. 9 (2016) 391–398. 

[265] D. Hanahan, R. a. Weinberg, Hallmarks of cancer: the next generation., Cell. 144 (2011) 646–74. 



doi:10.1016/j.cell.2011.02.013. 

[266] L. Milkovic, W. Siems, R. Siems, N. Zarkovic, Oxidative stress and antioxidants in carcinogenesis and 
integrative therapy of cancer., Curr. Pharm. Des. 20 (2014) 6529–42. 
doi:10.2174/1381612820666140826152822. 

[267] J.A. van der Knaap, C.P. Verrijzer, Undercover: Gene control by metabolites and metabolic enzymes, 
Genes Dev. 30 (2016) 2345–2369. doi:10.1101/gad.289140.116. 

[268] J. Egea, I. Fabregat, Y.M. Frapart, P. Ghezzi, A. Görlach, T. Kietzmann, K. Kubaichuk, U.G. Knaus, M.G. 
Lopez, G. Olaso-Gonzalez, A. Petry, R. Schulz, J. Vina, P. Winyard, K. Abbas, S. Ademowo, C.B. Afonso, 
I. Andreadou, H. Antelmann, F. Antunes, M. Aslan, M.M. Bachschmid, R.M. Barbosa, V. Belousov, C. 
Berndt, D. Bernlohr, E. Bertrán, A. Bindoli, S.P. Bottari, P.M. Brito, G. Carrara, A.I. Casas, A. Chatzi, N. 
Chondrogianni, M. Conrad, M.S. Cooke, J.G. Costa, A. Cuadrado, P. My-Chan Dang, B. De Smet, B. 
Debelec–Butuner, I. Dias, J.D. Dunn, A.J. Edson, M. El Assar, J. El-Benna, P. Ferdinandy, A.S. 
Fernandes, K.E. Fladmark, U. Förstermann, R. Giniatullin, Z. Giricz, A. Görbe, H. Griffiths, V. Hampl, A. 
Hanf, J. Herget, P. Hernansanz-Agustín, M. Hillion, J. Huang, S. Ilikay, P. Jansen-Dürr, V. Jaquet, J.A. 
Joles, B. Kalyanaraman, D. Kaminskyy, M. Karbaschi, M. Kleanthous, L.-O. Klotz, B. Korac, K.S. 
Korkmaz, R. Koziel, D. Kračun, K.-H. Krause, V. Křen, T. Krieg, J. Laranjinha, A. Lazou, H. Li, A. Martínez-
Ruiz, R. Matsui, G.J. McBean, S.P. Meredith, J. Messens, V. Miguel, Y. Mikhed, I. Milisav, L. Milković, A. 
Miranda-Vizuete, M. Mojović, M. Monsalve, P.-A. Mouthuy, J. Mulvey, T. Münzel, V. Muzykantov, 
I.T.N. Nguyen, M. Oelze, N.G. Oliveira, C.M. Palmeira, N. Papaevgeniou, A. Pavićević, B. Pedre, F. 
Peyrot, M. Phylactides, G.G. Pircalabioru, A.R. Pitt, H.E. Poulsen, I. Prieto, M.P. Rigobello, N. 
Robledinos-Antón, L. Rodríguez-Mañas, A.P. Rolo, F. Rousset, T. Ruskovska, N. Saraiva, S. Sasson, K. 
Schröder, K. Semen, T. Seredenina, A. Shakirzyanova, G.L. Smith, T. Soldati, B.C. Sousa, C.M. Spickett, 
A. Stancic, M.J. Stasia, H. Steinbrenner, V. Stepanić, S. Steven, K. Tokatlidis, E. Tuncay, B. Turan, F. 
Ursini, J. Vacek, O. Vajnerova, K. Valentová, F. Van Breusegem, L. Varisli, E.A. Veal, A.S. Yalçın, O. 
Yelisyeyeva, N. Žarković, M. Zatloukalová, J. Zielonka, R.M. Touyz, A. Papapetropoulos, T. Grune, S. 
Lamas, H.H.H.W. Schmidt, F. Di Lisa, A. Daiber, European Contribution to the study of ROS: A 
Summary of the Findings and Prospects for the Future from the COST Action BM1203 (EU-ROS), 
Redox Biol. 13 (2017) 94–162. doi:10.1016/j.redox.2017.05.007. 

[269] D.R. Gough, T.G. Cotter, Hydrogen peroxide: A Jekyll and Hyde signalling molecule, Cell Death Dis. 2 
(2011) 1–8. doi:10.1038/cddis.2011.96. 

[270] S.C. Gupta, D. Hevia, S. Patchva, B. Park, W. Koh, B.B. Aggarwal, Upsides and Downsides of Reactive 
Oxygen Species for Cancer: The Roles of Reactive Oxygen Species in Tumorigenesis, Prevention, and 
Therapy, Antioxid. Redox Signal. 16 (2012) 1295–1322. doi:10.1089/ars.2011.4414. 

[271] G.-Y. Liou, P. Storz, Reactive oxygen species in cancer., Free Radic. Res. 44 (2010) 479–96. 
doi:10.3109/10715761003667554. 

[272] G. Waeg, G. Dimsity, H. Esterbauer, Monoclonal antibodies for detection of 4-hydroxynonenal 
modified proteins., Free Radic. Res. 25 (1996) 149–59. 
http://www.ncbi.nlm.nih.gov/pubmed/8885333 (accessed January 20, 2017). 

[273] S. Toyokuni, N. Miyake, H. Hiai, M. Hagiwara, S. Kawakishi, T. Osawa, K. Uchida, The monoclonal 
antibody specific for the 4-hydroxy-2-nonenal histidine adduct, FEBS Lett. 359 (1995) 189–191. 
doi:10.1016/0014-5793(95)00033-6. 

[274] K. Zarkovic, A. Jakovcevic, N. Zarkovic, Contribution of the HNE-immunohistochemistry to modern 
pathological concepts of major human diseases., Free Radic. Biol. Med. 111 (2017) 110–126. 
doi:10.1016/j.freeradbiomed.2016.12.009. 

[275] M. Živković, K. Žarković, L. Škrinjar, G. Waeg, M. Poljak-Blaži, S. Borović Šunjić, R. Jörg Schaur, N. 
Žarković, A New Method for Detection of HNE-histidine Conjugates in Rat Inflammatory Cells, Croat. 



Chem. Acta. 78 (2005) 91–98. https://hrcak.srce.hr/index.php?show=clanak&id_clanak_jezik=4663 
(accessed September 26, 2019). 

[276] D. Weber, L. Milkovic, S.J. Bennett, H.R. Griffiths, N. Zarkovic, T. Grune, Measurement of HNE-protein 
adducts in human plasma and serum by ELISA-Comparison of two primary antibodies., Redox Biol. 1 
(2013) 226–33. doi:10.1016/j.redox.2013.01.012. 

[277] S. Borovic, F. Rabuzin, G. Waeg, N. Zarkovic, Enzyme-linked immunosorbent assay for 4-
hydroxynonenal-histidine conjugates., Free Radic. Res. 40 (2006) 809–20. 
doi:10.1080/10715760600693422. 

[278] C.M. Spickett, The lipid peroxidation product 4-hydroxy-2-nonenal: Advances in chemistry and 
analysis, Redox Biol. 1 (2013) 145–152. doi:10.1016/j.redox.2013.01.007. 

[279] J. Frijhoff, P.G. Winyard, N. Zarkovic, S.S. Davies, R. Stocker, D. Cheng, A.R. Knight, E.L. Taylor, J. 
Oettrich, T. Ruskovska, A.C. Gasparovic, A. Cuadrado, D. Weber, H.E. Poulsen, T. Grune, H.H.H.W. 
Schmidt, P. Ghezzi, Clinical Relevance of Biomarkers of Oxidative Stress, Antioxid. Redox Signal. 23 
(2015) 1144–1170. doi:10.1089/ars.2015.6317. 

[280] N.P. Živković, M. Petrovečki, Č.T. Lončarić, I. Nikolić, G. Waeg, M. Jaganjac, K. Žarković, N. Žarković, 
Positron emission tomography-computed tomography and 4-hydroxynonenal-histidine 
immunohistochemistry reveal differential onset of lipid peroxidation in primary lung cancer and in 
pulmonary metastasis of remote malignancies., Redox Biol. 11 (2017) 600–605. 
doi:10.1016/j.redox.2017.01.005. 

[281] K. Zabłocka-Słowińska, S. Płaczkowska, K. Skórska, A. Prescha, K. Pawełczyk, I. Porębska, M. Kosacka, 
H. Grajeta, Oxidative stress in lung cancer patients is associated with altered serum markers of lipid 
metabolism., PLoS One. 14 (2019) e0215246. doi:10.1371/journal.pone.0215246. 

[282] G. Juric-Sekhar, K. Zarkovic, G. Waeg, A. Cipak, N. Zarkovic, Distribution of 4-hydroxynonenal-protein 
conjugates as a marker of lipid peroxidation and parameter of malignancy in astrocytic and 
ependymal tumors of the brain., Tumori. 95 (2009) 762–8. 
http://www.ncbi.nlm.nih.gov/pubmed/20210242. 

[283] D. Kolenc, A. Jakovčević, M. Macan, K. Žarković, The co-expression of 4-hydroxynonenal and 
prominin-1 in glioblastomas, Transl. Neurosci. 2 (2011) 163–167. doi:10.2478/s13380-011-0012-7. 

[284] K. Zarkovic, G. Juric, G. Waeg, D. Kolenc, N. Zarkovic, Immunohistochemical appearance of HNE-
protein conjugates in human astrocytomas, BioFactors. 24 (2005) 33–40. 
doi:10.1002/biof.5520240104. 

[285] J. Sheridan, P. Walsh, D. Kevans, T. Cooney, S. O’Hanlon, B. Nolan, A. White, E. McDermott, K. 
Sheahan, D. O’Shea, J. Hyland, D. O’Donoghue, J. O’Sullivan, H. Mulcahy, G. Doherty, Determinants of 
short- and long-term survival from colorectal cancer in very elderly patients., J. Geriatr. Oncol. 5 
(2014) 376–83. doi:10.1016/j.jgo.2014.04.005. 

[286] E. Skrzydlewska, S. Sulkowski, M. Koda, B. Zalewski, L. Kanczuga-Koda, M. Sulkowska, Lipid 
peroxidation and antioxidant status in colorectal cancer., World J. Gastroenterol. 11 (2005) 403–6. 
doi:10.3748/wjg.v11.i3.403. 

[287] E. Skrzydlewska, A. Stankiewicz, M. Sulkowska, S. Sulkowski, I. Kasacka, Antioxidant status and lipid 
peroxidation in colorectal cancer., J. Toxicol. Environ. Health. A. 64 (2001) 213–22. 
doi:10.1080/15287390152543690. 

[288] F. Biasi, L. Tessitore, D. Zanetti, J.C. Cutrin, B. Zingaro, E. Chiarpotto, N. Zarkovic, G. Serviddio, G. Poli, 
Associated changes of lipid peroxidation and transforming growth factor beta1 levels in human colon 
cancer during tumour progression., Gut. 50 (2002) 361–7. 



http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1773152&tool=pmcentrez&rendertype=
abstract. 

[289] S. Kondo, S. Toyokuni, Y. Iwasa, T. Tanaka, H. Onodera, H. Hiai, M. Imamura, Persistent oxidative 
stress in human colorectal carcinoma, but not in adenoma., Free Radic. Biol. Med. 27 (1999) 401–10. 
doi:10.1016/s0891-5849(99)00087-8. 

[290] Y. Murawaki, H. Tsuchiya, T. Kanbe, K. Harada, K. Yashima, K. Nozaka, O. Tanida, M. Kohno, T. 
Mukoyama, E. Nishimuki, H. Kojo, T. Matsura, K. Takahashi, M. Osaki, H. Ito, J. Yodoi, Y. Murawaki, G. 
Shiota, Aberrant expression of selenoproteins in the progression of colorectal cancer., Cancer Lett. 
259 (2008) 218–30. doi:10.1016/j.canlet.2007.10.019. 

[291] T.D. Oberley, S. Toyokuni, L.I. Szweda, Localization of hydroxynonenal protein adducts in normal 
human kidney and selected human kidney cancers., Free Radic. Biol. Med. 27 (1999) 695–703. 
doi:10.1016/s0891-5849(99)00117-3. 

[292] K. Okamoto, S. Toyokuni, K. Uchida, O. Ogawa, J. Takenewa, Y. Kakehi, H. Kinoshita, Y. Hattori-
Nakakuki, H. Hiai, O. Yoshida, Formation of 8-hydroxy-2’-deoxyguanosine and 4-hydroxy-2-nonenal-
modified proteins in human renal-cell carcinoma., Int. J. Cancer. 58 (1994) 825–9. 
doi:10.1002/ijc.2910580613. 

[293] Y. Zhang, H. Wang, K. Wu, Z. Liu, Expression of 4-hydroxynonenal in esophageal squamous cell 
carcinoma., Oncol. Lett. 14 (2017) 35–40. doi:10.3892/ol.2017.6127. 

[294] P. Karihtala, S. Kauppila, U. Puistola, A. Jukkola-Vuorinen, Divergent behaviour of oxidative stress 
markers 8-hydroxydeoxyguanosine (8-OHdG) and 4-hydroxy-2-nonenal (HNE) in breast 
carcinogenesis., Histopathology. 58 (2011) 854–62. doi:10.1111/j.1365-2559.2011.03835.x. 

[295] H. Basnet, L. Tian, K. Ganesh, Y.-H. Huang, D.G. Macalinao, E. Brogi, L.W. Finley, J. Massagué, Flura-
seq identifies organ-specific metabolic adaptations during early metastatic colonization., Elife. 8 
(2019). doi:10.7554/eLife.43627. 

[296] O. Young, T. Crotty, R. O’Connell, J. O’Sullivan, A.J. Curran, Levels of oxidative damage and lipid 
peroxidation in thyroid neoplasia., Head Neck. 32 (2010) 750–6. doi:10.1002/hed.21247. 

[297] H. Zhong, M. Xiao, K. Zarkovic, M. Zhu, R. Sa, J. Lu, Y. Tao, Q. Chen, L. Xia, S. Cheng, G. Waeg, N. 
Zarkovic, H. Yin, Mitochondrial control of apoptosis through modulation of cardiolipin oxidation in 
hepatocellular carcinoma: A novel link between oxidative stress and cancer., Free Radic. Biol. Med. 
102 (2017) 67–76. doi:10.1016/j.freeradbiomed.2016.10.494. 

[298] A. Blendea, I.L. Serban, D.C. Branisteanu, D.E. Brănişteanu, Evaluation of Immunostaining for 4-
Hydroxy-2-Nonenal Receptors in Cutaneous Malignant Melanoma Immunohistochemical Study of 55 
Cases, J. Mol. Biomark. Diagn. 08 (2017). doi:10.4172/2155-9929.1000364. 

[299] D. Aran, R. Camarda, J. Odegaard, H. Paik, B. Oskotsky, G. Krings, A. Goga, M. Sirota, A.J. Butte, 
Comprehensive analysis of normal adjacent to tumor transcriptomes., Nat. Commun. 8 (2017) 1077. 
doi:10.1038/s41467-017-01027-z. 

[300] K. Gall-Troselj, F. Gueraud, T. Matijevic Glavan, F. Pierre, N. Zarkovic, A Review on Food-Associated 
Carcinogenesis, in: D. Bagchi, A. Swaroop (Eds.), Food Toxicol., 1st Editio, CRC Press, 2016: p. 562. 
doi:10.1201/9781315371443. 

[301] A. Marquez-Quiñones, A. Cipak, K. Zarkovic, S. Fattel-Fazenda, S. Villa-Treviño, G. Waeg, N. Zarkovic, 
F. Guéraud, HNE-protein adducts formation in different pre-carcinogenic stages of hepatitis in LEC 
rats., Free Radic. Res. 44 (2010) 119–27. doi:10.3109/10715760903338071. 

[302] S. Borovic, A. Cipak, A. Meinitzer, Z. Kejla, D. Perovic, G. Waeg, N. Zarkovic, Differential sensitivity to 



4-hydroxynonenal for normal and malignant mesenchymal cells., Redox Rep. 12 (2007) 50–4. 
doi:10.1179/135100007X162194. 

[303] S. Borovic Sunjic, A. Cipak, F. Rabuzin, R. Wildburger, N. Zarkovic, The influence of 4-hydroxy-2-
nonenal on proliferation, differentiation and apoptosis of human osteosarcoma cells, BioFactors. 24 
(2005) 141–148. doi:10.1002/biof.5520240117. 

[304] T. Semlitsch, H.M. Tillian, N. Zarkovic, S. Borovic, M. Purtscher, O. Hohenwarter, R.J. Schaur, 
Differential influence of the lipid peroxidation product 4-hydroxynonenal on the growth of human 
lymphatic leukaemia cells and human periopherial blood lymphocytes., Anticancer Res. 22 (2002) 
1689–97. http://www.ncbi.nlm.nih.gov/pubmed/12168855 (accessed September 26, 2019). 

[305] G. Barrera, S. Pizzimenti, E.S. Ciamporcero, M. Daga, C. Ullio, A. Arcaro, G.P. Cetrangolo, C. Ferretti, C. 
Dianzani, A. Lepore, F. Gentile, Role of 4-hydroxynonenal-protein adducts in human diseases., 
Antioxid. Redox Signal. 22 (2015) 1681–702. doi:10.1089/ars.2014.6166. 

[306] A. Cipak Gasparovic, L. Milkovic, S. Borovic Sunjic, N. Zarkovic, Cancer growth regulation by 4-
hydroxynonenal, Free Radic. Biol. Med. (2017) 0–1. doi:10.1016/j.freeradbiomed.2017.01.030. 

[307] F. Gentile, A. Arcaro, S. Pizzimenti, M. Daga, G.P. Cetrangolo, C. Dianzani, A. Lepore, M. Graf, P.R.J. 
Ames, G. Barrera, DNA damage by lipid peroxidation products: implications in cancer, inflammation 
and autoimmunity., AIMS Genet. 4 (2017) 103–137. doi:10.3934/genet.2017.2.103. 

[308] X. Wang, Y. Yang, M.M. Huycke, Commensal bacteria drive endogenous transformation and tumour 
stem cell marker expression through a bystander effect., Gut. 64 (2015) 459–68. doi:10.1136/gutjnl-
2014-307213. 

[309] H. Liu, X. Liu, C. Zhang, H. Zhu, Q. Xu, Y. Bu, Y. Lei, Redox Imbalance in the Development of Colorectal 
Cancer., J. Cancer. 8 (2017) 1586–1597. doi:10.7150/jca.18735. 

[310] X. Xue, B.X. Bredell, E.R. Anderson, A. Martin, C. Mays, H. Nagao-Kitamoto, S. Huang, B. Győrffy, J.K. 
Greenson, K. Hardiman, J.R. Spence, N. Kamada, Y.M. Shah, Quantitative proteomics identifies 
STEAP4 as a critical regulator of mitochondrial dysfunction linking inflammation and colon cancer., 
Proc. Natl. Acad. Sci. U. S. A. 114 (2017) E9608–E9617. doi:10.1073/pnas.1712946114. 

[311] N. Zarkovic, Z. Ilic, M. Jurin, R.J. Schaur, H. Puhl, H. Esterbauer, Stimulation of HeLa cell growth by 
physiological concentrations of 4-hydroxynonenal., Cell Biochem. Funct. 11 (1993) 279–86. 
doi:10.1002/cbf.290110409. 

[312] N. Zarkovic, M.H. Tillian, J. Schaur, G. Waeg, M. Jurin, H. Esterbauer, Inhibition of Melanoma B16-F10 
Growth by Lipid Peroxidation Product 4-Hydroxynonenal, Cancer Biother. 10 (1995) 153–156. 
doi:10.1089/cbr.1995.10.153. 

[313] N. Zarkovic, R. Jörg Schaur, H. Puhl, M. Jurin, H. Esterbauer, Mutual dependence of growth modifying 
effects of 4-hydroxynonenal and fetal calf serum in vitro, Free Radic. Biol. Med. 16 (1994) 877–884. 
doi:10.1016/0891-5849(94)90208-9. 

[314] T. Kreuzer, N. Žarković, R. Grube, R.J. Schaur, Inhibition of HeLa Cell Proliferation by 4-
Hydroxynonenal is Associated with Enhanced Expression of the c-fos Oncogene, Cancer Biother. 
Radiopharm. 12 (1997) 131–136. doi:10.1089/cbr.1997.12.131. 

[315] T. Kreuzer, R. Grube, A. Wutte, N. Zarkovic, R.. Schaur, 4-Hydroxynonenal Modifies the Effects of 
Serum Growth Factors on the Expression of the c-fos Proto-Oncogene and the Proliferation of HeLa 
Carcinoma Cells, Free Radic. Biol. Med. 25 (1998) 42–49. doi:10.1016/S0891-5849(98)00029-X. 

[316] A. Sovic, S. Borovic, I. Loncaric, T. Kreuzer, K. Zarkovic, T. Vukovic, G. Wäg, R. Hrascan, R. 
Wintersteiger, R. Klinger, N. Zurak, R.J. Schaub, N. Zarkovic, The carcinostatic and proapoptotic 



potential of 4-hydroxynonenal in HeLa cells is associated with its conjugation to cellular proteins., 
Anticancer Res. 21 (2001) 1997–2004. http://www.ncbi.nlm.nih.gov/pubmed/11497289 (accessed 
September 26, 2019). 

[317] J.R. Cubillos-Ruiz, P.C. Silberman, M.R. Rutkowski, S. Chopra, A. Perales-Puchalt, M. Song, S. Zhang, 
S.E. Bettigole, D. Gupta, K. Holcomb, L.H. Ellenson, T. Caputo, A.-H. Lee, J.R. Conejo-Garcia, L.H. 
Glimcher, ER Stress Sensor XBP1 Controls Anti-tumor Immunity by Disrupting Dendritic Cell 
Homeostasis., Cell. 161 (2015) 1527–38. doi:10.1016/j.cell.2015.05.025. 

[318] Y.-P. Li, F.-G. Tian, P.-C. Shi, L.-Y. Guo, H.-M. Wu, R.-Q. Chen, J.-M. Xue, 4-Hydroxynonenal promotes 
growth and angiogenesis of breast cancer cells through HIF-1α stabilization., Asian Pac. J. Cancer 
Prev. 15 (2014) 10151–6. doi:10.7314/apjcp.2014.15.23.10151. 

[319] J.T.R. Keeney, X. Ren, G. Warrier, T. Noel, D.K. Powell, J.M. Brelsfoard, R. Sultana, K.E. Saatman, D.K.S. 
Clair, D.A. Butterfield, Doxorubicin-induced elevated oxidative stress and neurochemical alterations in 
brain and cognitive decline: protection by MESNA and insights into mechanisms of chemotherapy-
induced cognitive impairment (“chemobrain”)., Oncotarget. 9 (2018) 30324–30339. 
doi:10.18632/oncotarget.25718. 

[320] A. Kovalchuk, Y. Ilnytskyy, R. Rodriguez-Juarez, A. Katz, D. Sidransky, B. Kolb, O. Kovalchuk, Growth of 
Triple Negative and Progesterone Positive Breast Cancer Causes Oxidative Stress and Down-Regulates 
Neuroprotective Transcription Factor NPAS4 and NPAS4-Regulated Genes in Hippocampal Tissues of 
TumorGraft Mice-an Aging Connection., Front. Genet. 9 (2018) 58. doi:10.3389/fgene.2018.00058. 

[321] A. Negre-Salvayre, N. Auge, V. Ayala, H. Basaga, J. Boada, R. Brenke, S. Chapple, G. Cohen, J. Feher, T. 
Grune, G. Lengyel, G.E. Mann, R. Pamplona, G. Poli, M. Portero-Otin, Y. Riahi, R. Salvayre, S. Sasson, J. 
Serrano, O. Shamni, W. Siems, R.C.M. Siow, I. Wiswedel, K. Zarkovic, N. Zarkovic, Pathological aspects 
of lipid peroxidation., Free Radic. Res. 44 (2010) 1125–71. doi:10.3109/10715762.2010.498478. 

[322] S. Miriyala, C. Thippakorn, L. Chaiswing, Y. Xu, T. Noel, A. Tovmasyan, I. Batinic-Haberle, C.W. Vander 
Kooi, W. Chi, A.A. Latif, M. Panchatcharam, V. Prachayasittikul, D.A. Butterfield, M. Vore, J. Moscow, 
D.K. St Clair, Novel role of 4-hydroxy-2-nonenal in AIFm2-mediated mitochondrial stress signaling., 
Free Radic. Biol. Med. 91 (2016) 68–80. doi:10.1016/j.freeradbiomed.2015.12.002. 

[323] C. Yarana, D. Carroll, J. Chen, L. Chaiswing, Y. Zhao, T. Noel, M. Alstott, Y. Bae, E. V Dressler, J.A. 
Moscow, D.A. Butterfield, H. Zhu, D.K. St Clair, Extracellular Vesicles Released by Cardiomyocytes in a 
Doxorubicin-Induced Cardiac Injury Mouse Model Contain Protein Biomarkers of Early Cardiac Injury., 
Clin. Cancer Res. 24 (2018) 1644–1653. doi:10.1158/1078-0432.CCR-17-2046. 

[324] Y. Zhao, S. Miriyala, L. Miao, M. Mitov, D. Schnell, S.K. Dhar, J. Cai, J.B. Klein, R. Sultana, D.A. 
Butterfield, M. Vore, I. Batinic-Haberle, S. Bondada, D.K. St Clair, Redox proteomic identification of 
HNE-bound mitochondrial proteins in cardiac tissues reveals a systemic effect on energy metabolism 
after doxorubicin treatment., Free Radic. Biol. Med. 72 (2014) 55–65. 
doi:10.1016/j.freeradbiomed.2014.03.001. 

[325] H. Sonowal, P.B. Pal, J.-J. Wen, S. Awasthi, K. V Ramana, S.K. Srivastava, Aldose reductase inhibitor 
increases doxorubicin-sensitivity of colon cancer cells and decreases cardiotoxicity., Sci. Rep. 7 (2017) 
3182. doi:10.1038/s41598-017-03284-w. 

[326] R. Sharma, A. Sharma, P. Chaudhary, M. Sahu, S. Jaiswal, S. Awasthi, Y.C. Awasthi, Role of 4-
hydroxynonenal in chemopreventive activities of sulforaphane., Free Radic. Biol. Med. 52 (2012) 
2177–85. doi:10.1016/j.freeradbiomed.2012.04.012. 

[327] L. Milkovic, N. Zarkovic, L. Saso, Controversy about pharmacological modulation of Nrf2 for cancer 
therapy, Redox Biol. 12 (2017) 727–732. doi:10.1016/j.redox.2017.04.013. 



[328] C. Bose, S. Awasthi, R. Sharma, H. Beneš, M. Hauer-Jensen, M. Boerma, S.P. Singh, Sulforaphane 
potentiates anticancer effects of doxorubicin and attenuates its cardiotoxicity in a breast cancer 
model., PLoS One. 13 (2018) e0193918. doi:10.1371/journal.pone.0193918. 

[329] R.T. Bekele, G. Venkatraman, R.-Z. Liu, X. Tang, S. Mi, M.G.K. Benesch, J.R. Mackey, R. Godbout, J.M. 
Curtis, T.P.W. McMullen, D.N. Brindley, Oxidative stress contributes to the tamoxifen-induced killing 
of breast cancer cells: implications for tamoxifen therapy and resistance., Sci. Rep. 6 (2016) 21164. 
doi:10.1038/srep21164. 

[330] Y. Qin, A. Iwase, T. Murase, Bayasula, C. Ishida, N. Kato, T. Nakamura, S. Osuka, S. Takikawa, M. Goto, 
T. Kotani, F. Kikkawa, Protective effects of mangafodipir against chemotherapy-induced ovarian 
damage in mice., Reprod. Biol. Endocrinol. 16 (2018) 106. doi:10.1186/s12958-018-0426-y. 

[331] S. Chakraborty, M. Balan, E. Flynn, D. Zurakowski, T.K. Choueiri, S. Pal, Activation of c-Met in cancer 
cells mediates growth-promoting signals against oxidative stress through Nrf2-HO-1, Oncogenesis. 8 
(2019) 7. doi:10.1038/s41389-018-0116-9. 

[332] S. Okazaki, S. Shintani, Y. Hirata, K. Suina, T. Semba, J. Yamasaki, K. Umene, M. Ishikawa, H. Saya, O. 
Nagano, Synthetic lethality of the ALDH3A1 inhibitor dyclonine and xCT inhibitors in glutathione 
deficiency-resistant cancer cells, Oncotarget. 9 (2018). doi:10.18632/oncotarget.26112. 

 


