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Abstract

Oxidative stress often affects the structure and metabolism of lipids, which in the case of polyunsaturated free fatty acids (PUFAs) leads
to a self-catalysed chain reaction of lipid peroxidation (LPO). The LPO of PUFAs leads to the formation of various aldehydes, such as
malondialdehyde, 4-hydroxynonenal (4-HNE), 4-hydroxyhexenal, and 4-0xo-2-nonenal. Among the reactive aldehydes, 4-HNE is the
major bioactive product of LPO, which has a high affinity for binding to proteins. This review briefly discusses the available information
on the applicability of assessment options for 4-HNE and its protein adducts determined by immunosorbent assay (the 4-HNE-ELISA)
in patients with various diseases known to be associated with oxidative stress, LPO, and 4-HNE. Despite the differences in the protocols
applied and the antibodies used, all studies confirmed the usefulness of the 4-HNE-ELISA for research purposes. Since different protocols
and the antibodies used could give different values when applied to the same samples, the 4-HNE-ELISA should be combined with other
complementary analytical methods to allow comparisons between the values obtained in patients and in healthy individuals. Despite large
variations, the studies reviewed in this paper have mostly shown significantly increased levels of 4-HNE-protein adducts in the samples
obtained from patients when compared to healthy individuals. As with any other biomarker studied in patients, it is preferred to perform
not only a single-time analysis but measurements at multiple time points to monitor the dynamics of the occurrence of oxidative stress
and the systemic response to the disease causing it. This is especially important for acute diseases, as individual levels of 4-HNE-protein
adducts in blood can fluctuate more than threefold within a few days depending on the state of health, as was shown for the COVID-19
patients.
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1. Introduction necrosis [2—4]. Accordingly, 4-HNE and similar aldehydes

are considered second messengers of free radicals that exert

Oxidative stress, i.e., excessive production of reactive
oxygen species (ROS), is often associated with the oxida-
tion of lipids, which, in the case of polyunsaturated free
fatty acids (PUFAs), can lead to a self-catalyzed chain re-
action of lipid peroxidation (LPO), resulting in the destruc-
tion of biomembranes and the formation of reactive aldehy-
des. LPO of PUFAs yields the formation of various aldehy-
des, such as malondialdehyde, 4-hydroxynonenal (4-HNE),
4-hydroxyhexenal, and 4-oxo-2-nonenal, among which 4-
HNE is the major bioactive product and is therefore the
focus of this review [1]. The 4-HNE regulates various
cellular processes, and its effects are concentration- and
cell-type-dependent. At lower concentrations, it acts as
a signaling molecule that regulates proliferation, differ-
entiation, antioxidant capacity, and apoptosis in various
(patho)physiological processes, while at high concentra-
tions, it can cause irreparable damage to cells, leading to

their effects even without excessive production of reactive
oxygen species (ROS), mainly due to their strong affinity
for binding to proteins.

There are two well-known types of chemical reac-
tions that characterize the interactions of 4-HNE with pro-
teins, in particular with the amino acid residues histidine,
cysteine, lysine, and arginine, forming Michael adducts or
Schiff’s bases [5]. On the other hand, at least in the case
of lysozyme and bovine serum albumin, 4-HNE can form
Michael adducts on threonine and Schiff’s base on trypto-
phan, as well as pyrrole-type adducts with histidine and ly-
sine residues. The modification of proteins and peptides by
4-HNE can alter their structure and function, which appears
to be the key mode of action of 4-HNE as a bioactive factor.
The list of known target proteins of 4-HNE and the biolog-
ical consequences of such modification can be found in a
recently published review [6]. The list will certainly be ex-
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tended by further research based on immunochemical stud-
ies using mostly monoclonal antibodies and/or mass spec-
trometry/chromatography analyses of the 4-HNE-modified
proteins.

Since LPO occurs mostly in the lipid layer of the
biomembranes, 4-HNE is usually found within or near the
biomembranes bound to the proteins, even when admin-
istered exogenously [7]. In the case of the protein moi-
ety of low-density lipoproteins (LDL), the apolipoprotein
B (ApoB), the 4-HNE produced by LPO mainly forms
adducts with histidine [8]. Such modifications of ApoB
were the first recognized pathogenic mechanism involving
4-HNE in addition to its mutagenic and carcinogenic ef-
fects. Advances in the research of the potential pathogenic
effects of LPO and 4-HNE have led to a better under-
standing of cardiovascular, (neuro)degenerative, metabolic,
and autoimmune diseases, as well as the carcinogenesis
and mechanisms of action of various medicaments and nu-
traceuticals [3].

Most of the above findings were obtained by qualita-
tive immunohistochemical and/or translational in vitro and
in vivo studies lacking quantification [9], due to the lack
of immunosorbent enzyme-linked immunoassays (ELISA)
specific for the 4-HNE-modified proteins. This was solved
by the development of the first such ELISA, initially de-
veloped for in vitro research on cell cultures and specific
for the 4-HNE-histidine adducts [10]. The original 4-HNE-
ELISA, which uses genuine antibodies specific for the 4-
HNE-histidine adducts, was further modified and validated
for its applicability on plasma and serum samples and even-
tually compared with the 4-HNE-ELISA that uses commer-
cial antibodies [11]. In this study, different levels of 4-
HNE-protein adducts were detected depending on the type
of monoclonal antibody used and the protocol applied to
the same samples. However, both variants of the 4-HNE-
ELISA detected higher values of 4-HNE-protein adducts in
the blood of apparently healthy obese men when compared
to healthy non-obese men. In the case of the 4-HNE-ELISA
based on the non-commercial antibody, the average level of
the 4-HNE-protein adducts was approximately 50% higher
(on average, 33 vs. 20 pmol/mg protein), while in the case
of the 4-HNE-ELISA with the commercial antibody, the
difference between obese and non-obese subjects was 1150
vs. 950 pmol/mg protein, respectively [11]. These find-
ings have shown that the type of monoclonal antibody used,
and the protocol applied are among the most important as-
pects of the analysis of 4-HNE-protein adducts by 4-HNE-
ELISA. Following these findings, different commercial and
non-commercial antibodies were used for the development
of non-commercial and commercial 4-HNE-ELISA, while
for our in-house 4-HNE-ELISA, we mainly use the same
non-commercial antibody specific for the 4-HNE-histidine
adducts, which is also used for immunohistochemistry. It
should also be mentioned that this particular in-house in-
direct 4-HNE-ELISA (Fig. 1) already gave similar results

for the pool of human plasma samples exposed to Ultravi-
olet (UV) light in vitro in an earlier study without protocol
modification for human sera or plasma samples and showed
a very good correlation with free malondialdehyde deter-
mined by high performance liquid chromatography (HPLC)
[12], which was even further improved by the modified 4-
HNE-ELISA protocol [11].

The antigen-containing samples or the corresponding
(protein) standards are isolated from tissue, biological flu-
ids, or cell cultures, their protein concentrations are normal-
ized and used in the ELISA. There are four main types of
ELISA: direct, indirect, sandwich, and competitive ELISA.
The ELISA detection method depends on the type of en-
zyme linked to the antibody. The most common enzymes
linked to the antibody are horse reddish peroxidase and al-
kaline peroxidase, which when used in combination with
chromogenic substrate use a colorimetric detection method.
Two other detection methods are chemiluminescence or flu-
orescence based, which use luminol enhancer or fluorescent
substrate, respectively.

Since then, several studies have been done analyzing
the levels of 4-HNE-protein adducts in human blood, espe-
cially in plasma, often comparing the results with immuno-
histochemical findings based on the same monoclonal anti-
bodies. These became very attractive and convenient meth-
ods to study oxidative stress and, in particular LPO, in clin-
ical studies [13].

The results obtained with the 4-HNE-ELISA, which
are based on detection of the 4-HNE-modified proteins us-
ing specific antibodies, can additionally be partially vali-
dated by the parallel use of Western blotting. However,
in the case of ELISA, the use of a standard curve allows
the determination of the exact concentration of the tested
molecules, while Western blotting offers only limited pos-
sibilities in this respect, since immunoblotting after elec-
trophoretic separation mainly shows the distribution of the
proteins modified by 4-HNE and allows the comparison
of the intensity of the individual bands, providing only
semi-quantitative results [14]. Finally, the 4-HNE-protein
adducts, independently labeled with specific antibodies by
Western blotting, can be extracted from the gel and analyzed
by liquid chromatography coupled to mass spectrometry
(LC-MS) [15,16]. With this approach, it is possible to pre-
cisely determine the amino acid sequence of the modified
protein and to identify it on the basis of proteome databases.
In addition, the label-free semi-quantitative method will
provide information on the amount of such modified pro-
teins/peptides [17].

Therefore, the aim of this review is to summarize the
results of the published studies to find if there are levels of
4-HNE-protein adducts in human blood that might be con-
sidered normal and to what extent these levels may change
in cases of various diseases.
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Fig. 1. Schematic representation of the ELISA procedure. ELISA, enzyme-linked immunoassays.

2. The 4-HNE in the Course of COVID-19
and the other Infectious Diseases

An altered redox balance has been implicated in the
pathogenesis of diseases caused by pathogens such as
viruses (e.g., SARS-CoV-2, Tick-Borne Encephalitis Virus)
and bacteria (e.g., Borrelia burgdorferi and Anaplasma
phagocytophilum) [18,19]. Studies on the role of 4-HNE
during infection are still limited. However, it was found
that 4-HNE is generated during bacterial infection, that it
impacts the growth and survival of a range of bacteria,
and that many genes in bacteria are induced in response
to 4-HNE exposure [20]. Although it has been known for
years that LPO and 4-HNE are associated with inflamma-
tion, especially in inflammatory processes based on the
oxidative burst of inflammatory cells (granulocytes and
macrophages), information on the quantitative changes of
4-HNE-protein adducts in the blood of patients with inflam-
matory diseases, such as those obtained by 4-HNE-ELISA,
is limited.

The outbreak of the COVID-19 pandemic has changed
our lives and prompted many researchers to investigate the
pathogenesis of this and related diseases (Table 1, Ref. [21—
30]). The occurrence of oxidative stress and its conse-
quences in viral infections such as SARS-CoV-2 infection
have been extensively studied and reviewed [19]. Higher
4-HNE levels in the blood of COVID-19 patients were in-
dependently associated with a higher risk of intubation or
death after 28 days [31]. However, studies focusing on the
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pathophysiological mechanism of fatal cardiogenic shock
in COVID-19 patients showed differences in the accumula-
tion of 4-HNE in the myocardial and renal tissue of COVID-
19 patients [21]. Cardiovascular complications, including
myocarditis, are considered a potentially lethal feature in
severe cases of COVID-19. This finding suggests that fer-
roptosis, an iron-catalysed form of regulated cell death that
occurs as a result of excessive LPO, is an important factor
in cardiac damage and multiple organ failure in COVID-19.
Preliminary findings of the study comparing the lev-
els of 4-HNE-protein adducts in the plasma of survivors
and non-survivors during a five-day hospitalization in the
intensive care unit, as determined by the 4-HNE-ELISA
specific for the 4-HNE-histidine adducts, revealed higher
levels of the 4-HNE-modified proteins in the plasma of de-
ceased patients at admission and two days later, although
no clinical differences were observed between these two
groups at that time [22]. On the fifth day, which was crit-
ical for the patients’ recovery or lethal outcome, levels of
4-HNE-protein adducts increased slightly in the plasma of
survivors, whereas they decreased in the plasma of patients
who later passed away. Even more interesting was finding
of a dynamic change in the plasma levels of 4-HNE-protein
adducts in the survivors during the five-day period, by more
than tenfold in just two days, in contrast to the persistence
of levels of the 4-HNE-protein adducts in the plasma of pa-
tients who did not survive. These findings suggested that
the survivors had active oxidative stress response mecha-
nisms to the aggressive COVID-19 that were not effective
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Table 1. Summary of the findings on the 4-HNE appearance in COVID-19 and the other infectious diseases studied.
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Sample 4-HNE level/found Method of 4-HNE-protein adducts level Method of Ref
detection detection
4-HNE and 4-HNE-protein adducts in COVID-19
Myocardial and renal tissue Accumulation of 4-HNE THC - - [21]
Lungs, brain, heart, liver, kidneys - - Accumulation of 4-HNE-protein adducts [HC [23]
Lungs and plasma Accumulation of 4-HNE in the lungs THC Dynamic changes in survivors: ab. 12 pmoles/mg protein in Ist day vs. ab. 16 ELISA [22]
pmoles/mg prot. in 5th day; and in deceased: ab. 14 pmoles/mg protein in lst day
vs. ab. 16 pmoles/mg prot. in 5th day
Plasma 1.9 nmol/mL in survivors and 1.5 nmol/mL in deceased pa- GC-MS 5.5 pmol/mg protein in survivors and 5.9 pmol/mg protein in deceased vs. 3 pmol/mg in ELISA [24]
tients vs. 1.7 nmol/mL in healthy subjects healthy control
Plasma - - 3.1 pmol/mg protein in survivors and 4.9 pmol/mg protein in deceased vs. 1.6 pmol/mg ELISA [25]
protein in healthy control
4-HNE and 4-HNE-protein adducts in TBE
Plasma: 0.45 nmol/mL of TBE patients vs. 0.09 nmol/mL of
Plasma, urine, CSF healthy subjects GC-MS Plasma: 18.4 pmol/mg protein of TBE patients vs. 15.2 pmol/mg protein of healthy subjects ELISA [27]
Urine: 1161 nmol/mol creatinine of TBE patients vs. 891
nmol/mol creatinine of healthy subjects
CSF: 14.60 nmol/mL of TBE patients vs. 12.97 nmol/mL of
healthy subjects
Plasma - - Approximately 2.5-times higher level of 4-HNE-protein adducts in TBE patients in com- LC-MS [28]
parison to control
CSF About 23 nmol/mL in CSF of TBE patients vs. about 13 GC-MS - - [29]
nmol/mL of healthy subjects
Plasma About 30 nmol/mL in plasma of TBE patients and about 17 GC-MS 4.5 pmol/mg protein of TBE patients and 3.8 pmol/mg protein of TBE patients after ELISA [30]
nmol/mL in plasma of TBE patients after pharmacotherapy vs. pharmacotherapy vs. 2.7 pmol/mg protein of healthy subjects
about 11 nmol/mL of healthy subjects
4-HNE and 4-HNE-protein adducts in LD
Plasma: 0.92 nmol/mL of LD patients vs. 0.12 nmol/mL of
Plasma, CSF, and urine healthy subjects GC-MS Plasma: 23.4 pmol/mg protein of LD patients vs. 17.8 pmol/mg protein of healthy subjects ~ ELISA [26]
Urine: 24.88 nmol/mg creatinine LD patients; 7.51 nmol/mg
creatinine of healthy subjects
CSF: 25.72 nmol/mL of LD patients; 12.97 nmol/mL of
healthy subjects
4-HNE and 4-HNE-protein adducts in co-infection: TBE and LD
CSF About 35 nmol/mL in CSF of TBE patients with coinfection GC-MS - - [29]
vs. about 13 nmol/mL of healthy subjects
Plasma - - About 2.5-times higher level of 4HNE-protein adducts in TBE vs. healthy subject and LC-MS [28]
about 4-times higher level in patients with TBE and co-infection
Plasma About 29 nmol/mL in TBE patients with coinfection and about GC-MS 3.5 pmol/mg protein in TBE patients with co-infection; 3.1 pmol/mg protein TBE pa- ELISA [30]

16 nmol/mL in TBE patients with coinfection after pharma-

cotherapy vs. about 11 nmol/ml healthy subjects

tients with coinfection after pharmacotherapy vs. 2.7 pmol/mg protein healthy subjects

4-HNE, 4-hydroxynonenal; CSF, cerebrospinal fluid; GC, gas chromatography; IHC, immunohistochemistry; LC, liquid chromatography; LD, Lyme disease; MS, mass spectrometry; TBE, Tick Born Encephalitis.
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in the deceased patients. An autopsy of one patient re-
vealed the abundant presence of 4-HNE-protein adducts
in the lungs, according to immunohistochemical analysis
performed with the same monoclonal antibody specific for
the 4-HNE-histidine adducts that was used in the 4-HNE-
ELISA [22].

A further study based on immunohistochemical anal-
ysis of the vital organs of other deceased COVID-19 pa-
tients (without comorbidities) confirmed the association of
the 4-HNE-protein adducts with the fatal outcome of the
infection, mainly due to the LPO affecting the blood ves-
sels and the appearance of thus generated 4-HNE in the
form of protein adducts in the tissues of these organs, but
not due to the inflammatory processes in the lungs, brain,
heart, liver, or kidneys as such [23]. Hence, further stud-
ies were based on the comparison of plasma samples col-
lected at the time of admission of COVID-19 patients to
the hospital, i.e., about a week before their death or recov-
ery, which revealed the onset of systemic oxidative stress
in all patients, altered lipid metabolism, malfunctioning of
the antioxidant capacities of the entire organism, especially
affecting granulocytes, and altered plasma protein compo-
sition associated with increased levels of 4-HNE-protein
adducts, in particular in the patients who eventually passed
away [24]. These results suggested that lipid-soluble an-
tioxidants could regulate 4-HNE metabolism and its biolog-
ical activities in COVID-19 and may be required for main-
taining the physiological functions of enzymatic antioxi-
dants, notably superoxide dismutases (SOD-1 and SOD-2).

The level of 4-HNE-protein adducts in plasma sam-
ples from COVID-19 survivors averaged 5.5 pmol/mg pro-
tein, compared to 5.9 pmol/mg protein in the COVID-19 de-
ceased patients, while the level of 4-HNE-protein adducts
in plasma from healthy individuals averaged 3 pmol/mg
protein [24]. These findings were confirmed in a similar
study that investigated changes in the plasma proteome in-
duced by COVID-19. It was reported that the amount of
4-HNE-modified proteins in the plasma of COVID-19 sur-
vivors averaged 3.1 pmol/mg protein, while the amount
of plasma proteins modified in COVID-19 deceased and
healthy subjects averaged 4.9 pmol/mg protein and 1.6
pmol/mg protein, respectively. Accordingly, we can con-
clude that COVID-19 is associated with systemic LPO man-
ifested by an increase in 4-HNE-protein adducts as deter-
mined by the 4-HNE-ELISA, which may be detected as
early as one week before the fatal outcome of the disease
[25].

Furthermore, serum 4-HNE levels in community-
acquired pneumonia (CAP) were shown to correlate posi-
tively with the severity and poor prognosis of CAP patients,
indicating 4-HNE involvement in the pathophysiology of
CAP. Consequently, it was suggested that 4-HNE may be
an early biomarker that enables diagnosis and a better prog-
nosis for patients [32]. Moreover, 4-HNE was shown to be
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able to induce the cytomegalovirus-1 promoter, suggesting
its role in viral reactivation from latency [33].

Elevated 4-HNE levels have also been found in tis-
sues and body fluids caused by other infectious diseases
[18]. For example, enhanced formation of the 4-HNE—
protein adducts was observed in the blood of patients with
malaria on the surface of parasitized cells, reaching several
times higher levels if compared to control non-parasitized
cells [34]. One of the growing global health problems are
diseases caused by tick-borne pathogens, including both
viruses and bacteria. The most common tick-borne diseases
include Lyme disease and tick-borne encephalitis (TBE).
Lyme disease, caused by Borrelia burgdorferi, is the most
prevalent tick-borne infection in humans [35]. The most
common and early symptom of Borrelia burgdorferi infec-
tion is a skin rash called erythema migrans [36], which, if
left untreated, leads to inflammation of the joints (Lyme
arthritis), the heart, or the nervous system (neuroborrelio-
sis), which are considered the late forms of the disease [37].
The Borrelia burgdorferi infection is associated with ele-
vated oxidative stress and LPO. In the plasma of patients
with Lyme arthritis, a significantly increased level of 4-
HNE was found, which is due to increased LPO and de-
creased glutathione (GSH)-dependent phospholipid protec-
tion [38]. The antioxidant defense mechanisms were even
more affected in the plasma of neuroborreliosis patients
compared to Lyme arthritis [26]. This led to a more pro-
nounced LPO and an elevated level of 4-HNE-modified
proteins in the cerebrospinal fluid of patients with neurobor-
reliosis, which was accompanied by a significant reduction
in plasma levels of arachidonic and docosahexaenoic acids,
the precursors of 4-HNE [26]. It should be noted that the al-
teration of protein structures in the brain by 4-HNE-binding
may increase the permeability of the blood—brain barrier
promoting the spread of LPO [39—41]. Consequently, due
to high 4-HNE reactivity, this may affect the plasma phos-
pholipid profile [42] or protein structure and function [26].

Another tick-borne pathogen that affects the central
nervous system is the TBE virus. The TBE virus disrupts
metabolic pathways related to redox balance and reduces
the protection of brain lipid structures from oxidative dam-
age. This leads to an increased 4-HNE concentration in
the plasma, but even more significantly in the cerebrospinal
fluid of TBE patients [27]. Elevated plasma 4-HNE concen-
trations correlated with 4-HNE-modified plasma proteins
and were significantly increased in TBE patients if com-
pared to healthy subjects, suggesting that 4-HNE may be
a useful biomarker for TBE diagnosis and monitoring. In
addition, a study of the plasma proteome of patients with
TBE and co-infections [28] revealed that 4-HNE induced by
tick-borne diseases binds to proteins involved in the antiox-
idant response, including GSH transferase, angiopoietin-
4, clathrin, protein disulfide-isomerase A3, actinin-4, and
peroxiredoxin-5. The level of all 4-HNE-protein adducts
was higher in TBE patients than in co-infected patients.
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It should also be emphasized that 4-HNE modifies struc-
tural proteins that may indirectly affect cellular signaling
and stress responses [43].

3. The free 4-HNE and 4-HNE-Protein
Adducts in Autoimmune Diseases

It is estimated that more than 9% of the popula-
tion suffers from autoimmune diseases, including psoria-
sis, theumatoid arthritis, or systemic lupus erythematosus
(SLE), commonly known as lupus [44]. These diseases
can affect people of all ages and affect any part of their
body. However, the biggest problem is the lack of knowl-
edge about the underlying mechanisms that promote the on-
set and progression of these diseases. Some of them, such
as lupus, run in families and may have a genetic basis, while
other cases may be triggered by infections, environmen-
tal factors, or stress [45]. Regardless of the cause of the
disease, the development and progression of autoimmune
diseases are associated with an impaired immune response
of the body to pathogenic factors [46]. It is inextricably
linked to disturbances in the body’s redox status as well as
to the formation of signaling molecules that are derivatives
of LPO metabolites [47], such as isoprostanes or reactive
aldehydes, including 4-HNE [48-50].

Psoriasis is an example of one of the most common
autoimmune diseases. It is caused by an increased inter-
action between the active cells of the immune system and
the keratinocytes, which continuously stimulates them to
proliferate, keratinize, and exfoliate. As a result, psoriatic
lesions appear on the skin [51]. There are different types
of psoriasis in which the active immune system not only
affects the function and appearance of the skin (psoriasis
vulgaris; PsV), but also, for example, inflammation in the
joints (psoriatic arthritis; PsA) [52]. Inflammatory reac-
tions associated with the development of psoriasis are al-
ways accompanied by oxidative stress and increased LPO
throughout the body, both in the affected skin/joint areas
and in the peripheral blood [53,54].

Today, it is well documented that alterations in lipid
metabolism, including ROS-dependent changes that pro-
mote the peroxidation of lipids, play an important role in
the development of psoriasis [3,55-57] (Table 2, Ref. [58—
72]). Analysis of 4-HNE protein adducts in skin biopsies
revealed a significantly higher incidence of proteins mod-
ified with 4-HNE in psoriatic lesions compared to healthy
skin [58,59]. Interestingly, the same was not observed in
animal models [60]. In another study, the presence of 4-
HNE protein adducts was found to be twice as high in epi-
dermal keratinocytes, the main cells involved in the forma-
tion of psoriatic scales [61]. A similar pattern of changes
may also be observed in blood cells isolated from psoriatic
patients. In erythrocytes, lymphocytes, and granulocytes,
the level of 4-HNE measured by gas chromatography—mass
spectrometry (GC-MS) appeared to be up to 30% higher in
cells isolated from psoriatic patients than in cells obtained

from healthy individuals [62]. In addition, although the
lymphocytes from PsA patients contained more free 4-HNE
when compared to the lymphocytes of PsV patients, the
presence of 4-HNE-protein conjugates was greater in PsV
[63]. Similarly to immune system cells, plasma samples
from both PsV and PsA patients can have elevated amounts
of the free 4-HNE and 4-HNE-protein conjugates if com-
pared with healthy volunteers [64].

The changes in 4-HNE levels observed in the skin,
blood cells, and plasma of psoriatic patients lead to en-
hanced levels of 4-HNE-protein adducts, which could be
measured by 4-HNE-ELISA. In addition to the ELISA,
changes of the 4-HNE-protein adducts can be assessed
by proteomic analysis, which, in addition to providing
information on the amount of 4-HNE-protein modifica-
tions, also completes the data with the identity and type
of modified proteins [6,73—75]. However, one should bear
in mind that, due to the differences in the nature of the
techniques used, they may give different results. For ex-
ample, the 4-HNE-ELISA showed no statistically signifi-
cant differences between psoriatic and control keratinocyte
samples [61], whereas LC-MS analysis detected approxi-
mately three times more 4-HNE-modified proteins in pso-
riatic keratinocytes than in controls [65]. Proteomic stud-
ies also showed that the proteins adducted with 4-HNE
differ between control samples and the samples of psori-
atic patients. In controls, the 4-HNE-protein adducts were
mainly found on structural proteins, whereas in patients,
the 4-HNE adducts were identified on catalytic, antioxi-
dant, apoptotic, and binding proteins [65,66]. In addition,
4-HNE was found to modify receptors, signal transducers,
and enzymes in the cells of psoriatic patients, whereas in
the cells of healthy volunteers 4-HNE modifications were
found mainly on binding proteins [65].

Rheumatoid arthritis (RA), an autoimmune disease
that affects the lining of the joints, causing painful swelling
and leading to bone erosion and joint deformation, is
accompanied by oxidative stress and inflammation [76].
Therefore, the markers of LPO and their interactions with
proteins are being investigated as potential biomarkers or
pharmacological therapeutic targets [3,48,77-79] (Table 2).
Increased levels of 4-HNE were found in the synovial fluid
of patients with RA as early as the 1990s [67]. This is also
reflected in the plasma of these patients, where the levels of
4-HNE, measured by HPLC, GC-MS, or ELISA, were up to
four times higher in RA if compared to healthy individuals
[68—70]. In addition, an up to 7-fold higher level of 4-HNE
was found in the u rine of RA patients [68]. Since 4-HNE is
an integral component of numerous intracellular pathways,
its increased level in synovial cells from RA patients or
synoviocytes cultured in vitro is a factor that directly in-
duces pro-inflammatory signaling in these cells [80—83].
Elevated amounts of 4-HNE promote the formation of 4-
HNE-protein adducts, as evidenced by 4-HNE-ELISA in
the plasma/serum of RA patients [68,71,72].
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Table 2. Summary of the findings on the 4-HNE appearance in psoriasis and RA.

Sample 4-HNE level Method of 4-HNE-protein adducts level Method of Ref
detection detection

4-HNE and 4-HNE-protein adducts in psoriasis
Human skin biopsy Increase in Ps vs. healthy subjects IHC - - [58]
Human skin biopsy Increase in Ps vs. healthy subjects WB - - [59]
Skin biopsy (mouse model) No changes in this model HC - - [60]
Keratinocytes from patients with PsV 6.5 pmol/mg protein PsV patients; 12 pmol/mg protein healthy GC-MS No differences ELISA [61]
and heathy subjects subjects
Keratinocytes and lymphocytes from - Keratinocytes: 3-times higher in PsV than in control cells; Lymphocytes - 2-times LC-MS/MS [65]
patients with PsV and heathy subjects higher in PsV than in control cells
Erythrocytes, lymphocytes, granulocytes Erythrocytes: 29.5 nmol/mL PsV patients; 17.5 nmol/mL Erythrocytes: 1.15 pmol/mg protein PsV patients; 0.65 pmol/mg protein healthy sub-
from patients with PsV and healthy healthy subjects GC-MS jects ELISA [62]
subjects Lymphocytes: 1.4 nmol/mL PsV patients; 1.1 nmol/mL Lymphocytes: 1.70 pmol/mg protein PsV patients; 0.5 pmol/mg protein healthy sub-

healthy subjects jects

Granulocytes: 9.5 nmol/mL PsV patients; 15.5 nmol/mL Granulocytes: 2.35 pmol/mg protein PsV patients; 1.80 pmol/mg protein healthy sub-

healthy subjects jects
Lymphocytes from patients with PsV  10% and 90% higher, in PsV and in PsA respectively than in GC-MS 100% and 30% higher in PsV and in PsA than in healthy subjects ELISA [63]
and PsA healthy subjects healthy subjects
Plasma from patients with PsV, PsA  15.36 nmol/mL PsV patients; 11.01 nmol/mL PsA patients; GC-MS 21.59 pmol/mg protein PsV patients; 17.45 pmol/mg protein PsA patients; 15.24 ELISA [64]
and healthy subjects 8.90 nmol/mL healthy subjects pmol/mg protein healthy subjects
Plasma from patients with PsV and - 2-times higher in PsV than in healthy subject; various functions of proteins creating LC-MS/MS [66]
healthy subjects adducts with 4-HNE
4-HNE and 4-HNE-protein adducts in RA
Synovial fluid and plasma from patients Synovial fluid: 0.54 pmol/L RA patients; 0.24 umol/L os- GC-MS i i [67]
with RA and with osteoarthritis teoarthritis patients

Plasma: 0.34 pmol/L RA patients; 0.09 pmol/L osteoarthritis

patients

375 pmol/mL in RA patients vs. 169 pmol/mL in healthy sub- GC-MS 22.4 pmol/mg protein in RA patients; 17.5 pmol/ mg protein in healthy subjects ELISA [68]
Plasma from patients with RA and jects
healthy subjects About 8.5 pg/mL [RA patients without treatment] and ELISA - - [69]

about.13 pg/mL [RA patients with treatment] vs. about 3.5

png/mL in healthy subjects

About 9.5 pmol/mL in RA patients vs. about 2 pmol/m in HPLC - - [70]

healthy subjects

- - About 2-times higher in RA than in healthy subject ELISA [71]
Serum from patients with RA and - - One-third higher in RA than in healthy subject WB-MS [72]
healthy subjects
Urine from patients with RA and  76.1 nmol/mg creatinine in RA patients; 10.7 nmol/mg creati- GC-MS - - [68]

healthy subjects

nine in healthy subjects

GC, gas chromatography; IHC, immunohistochemistry; LC, liquid chromatography; MS, mass spectrometry; Ps, psoriasis; PsA, psoriatic arthritis; PsV, psoriasis vulgaris; WB, Western Blotting.
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Moreover, mass spectrometry analysis has shown that
4-HNE forms adducts with various amino acids in RA pa-
tients compared to healthy individuals [72]. These results
are also reflected in the case of another LPO product, mal-
ondialdehyde (MDA), which was also elevated in the blood
of RA patients [84,85], along with an increase in the amount
of MDA -protein adducts [86].

Different autoimmune diseases have been found to
be closely associated with amyotrophic lateral sclerosis
(ALS), enabling the development of strategies targeting
the associated autoimmune inflammation [87]. Oxidative
stress markers, especially 4-HNE, have been found elevated
in ALS and may represent a reliable indicator of the disor-
der [88].

Autoimmunity is also closely associated with insulin
resistance [89,90]. Adipocytes from insulin-resistant in-
dividuals accumulate more endogenous 4-HNE if com-
pared with insulin-sensitive individuals, yielding signifi-
cantly more proteins modified with 4-HNE as determined
by the 4-HNE-ELISA [91]. Moreover, 4-HNE affects in-
sulin signaling, thus triggering the insulin-resistance phe-
notype [91]. In addition, plasma levels of 4-HNE, deter-
mined by the 4-HNE-ELISA, were markedly increased in
non-diabetic obese individuals and were negatively corre-
lated with insulin sensitivity [92]. The interrelation be-
tween inflammation and adipocytes, which is at least in part
attributed to 4-HNE, results in a vicious cycle that main-
tains persistent inflammation and consequently insulin re-
sistance [93]. Non-alcoholic fatty liver disease (NAFLD)
is closely associated with resistance to insulin and high ox-
idative stress. Treatment of patients with antioxidant vi-
tamin E significantly reduced the presence of 4-HNE pro-
tein adducts in liver biopsies of NAFLD patients [94], while
similarly elevated 4-HNE-protein adducts were found in pa-
tients with alcoholic liver disease [95].

4. Association of 4-HNE with Cancer

The development of cancer is associated with a dis-
turbed redox balance and a shift towards oxidants. The al-
teration of major antioxidant defense systems in tumorigen-
esis in a number of different cancers was recently reviewed
[96]. In addition, inflammation, a hallmark of cancer, is
closely linked with oxidative stress and can determine the
fate of tumor cells. For example, an inflammation-induced
moderate increase in oxidative stress may decrease the rate
of tumor growth or even promote tumor regression, while
the formation of ROS in excessive amounts promotes tumor
progression [97-99]. Consistent with the observed level of
oxidative stress is the extent of reactive aldehyde forma-
tion, as well as their dual role in tumorigenesis [3,41,99].
The amount of 4-HNE protein adducts was found to corre-
late with the severity of the disease, as evidenced, for exam-
ple, for brain tumors [41,100] and squamous cell carcinoma
of the oropharynx [101]. It has also been suggested that
the formation of 4-HNE-protein adducts in benign and in

neoplastic cells may be an important mechanism for con-
trolling tumor growth [102]. For example, a number of
early studies have shown that the formation of protein-HNE
adducts in renal and colon cancer cells and tissues is related
to the growth and progression of kidney and colon cancer
[103,104]. On the other hand, silencing the catalase of can-
cer cells contributes to triggering both apoptosis and necro-
sis of cancer cells [105] (Table 3, Ref. [106—114]).

Because of their structure and function, the lungs are
extremely susceptible to oxidative stress, while the pro-
duction of ROS is further exacerbated by air pollutants
[115,116]. In addition, data from the literature show de-
creased antioxidant activity in cancerous lung tissue and
increased antioxidant activity in the blood cells of patients
with lung cancer [106]. This promotes the oxidation of cel-
lular components, including phospholipids, yielding reac-
tive aldehydes such as 4-HNE, MDA, and 4-oxonon-2-enal,
which accumulate in non-small cell lung cancer (NSCLC),
which accounts for more than 80% of all lung cancer cases
[39,106]. The changes in lipid metabolism during carcino-
genesis also depend on the type of tumor, even if it origi-
nates from the same organ. This has also been observed in
lung cancer, reflecting great variability between the same
tumor cell types. The amount of 4-HNE in plasma signif-
icantly differs between patients with small cell lung can-
cer and patients with NSCLC, and could therefore be used
in combination with computed tomography for additional
non-invasive differentiation of these types of lung cancer
[107]. Histochemical studies suggest that 4-HNE may also
act as a specific anti-cancer compound produced by inflam-
matory cells, and may act as a kind of natural cytostatic
agent [99]. Immunohistochemical studies have also shown
that a low level of 4-HNE in lung squamous cell carcinoma
(SCC) cells is a predictor of poor prognosis and resistance
to chemotherapy [117]. Regardless of the level of 4-HNE
in cancerous tissue, the 4-HNE content in the exhaled air of
patients also distinguishes between patients with lung can-
cer and those with benign lung nodules [118], which could
support such a non-invasive diagnostic.

Previous studies indicated that reactive aldehydes
formed in the process of LPO and interacting with nucle-
ophilic compounds, including proteins, are involved in in-
tracellular signaling pathways and the activation of tran-
scription factors in cancer cells. Proteins rich in nucle-
ophilic amino acids, such as cysteine, histidine, and lysine,
are extremely susceptible to interactions with electrophilic
aldehydes, including 4-HNE [39,119]. Data from the liter-
ature suggest that up to 8% of 4-HNE formed in cells can
interact with proteins to form 4-HNE-protein adducts, par-
ticularly via the thiol group of cysteine [39,120]. Since thiol
groups often function as redox switches that control cell
signaling and metabolism, the binding of 4-HNE to thiol
groups may have pathophysiological consequences [39].
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Table 3. Summary of the findings on the appearance of 4-HNE in cancer.

Sample 4-HNE level Method of 4-HNE-protein adducts level Method of Ref
detection detection

Plasma of benign and cancer patients un- ~ Not determined - Concentration of 4-HNE-adducts in plasma samples was decreased by 50% in both ELISA [109]

dergoing midline laparotomy groups postoperatively

Lung tissue of SCC patients and normal ~ 9.63 nmol/mL in SCC; 3.46 nmol/mL in no-changed tissue GC-MS 73.02 pmol/mg protein in SCC; 50.07 pmol/mg in no-changed tissue ELISA [106]

tissue

Lung tissue of AC patients and non-  8.08 nmol/mL in AC vs. 3.46 nmol/mL no-changed tissue GC-MS 103.49 pmol/mg protein in AC vs. 59.87 pmol/mg in no-changed tissue ELISA [106]

changed tissue

Primary NSCLC and secondary lung tu-  Primary and secondary malignant cells showed similar 4-HNE THC Intensity of 4-HNE-protein adducts in the surrounding lung tissue was more pronounced THC [110]

mors (metastasis) intensity; negative correlation was observed between 4-HNE in the metastatic than in the primary tumors
intensity of the surrounding tissue

. . Women: 31.87 ng/mL lung cancer; 14.82 ng/mL control

Serum from patients with lung cancer ELISA - ELISA [111]
Men: 19.97 ng/mL lung cancer; 13.76 ng/mL control

Breath samples from patients with  ab. 0.002 nmol/L in NSCLC and ab. 0.012 nmol/L in SCC FT-ICR-MS Not determined - [107]

NSCLC, lung SCC and control subject patients with control ab. 0 nmol/L

Human osteosarcoma cells Not determined - Amount of HNE-protein adducts is higher in malignant cells compared to normal cells ELISA [112]

Human osteosarcoma cells Nondifferentiated cells are more efficient in metabolizing 4- LC-UV Amount of HNE-protein adducts in differentiated HOS is double compared to nondif- ELISA [113]
HNE compared to differentiated cells ferentiated cells, one hour post exposure to 4-HNE

Prostate carcinoma tissue and plasma Absence of 4-HNE in prostate tissues, both cancer and non- IHC Highly increased 4-HNE-protein level in plasma of patients with prostate cancer (about ELISA [108]
malignant cells 14.5 vs. about 4 pmol/mg protein)

Plasma samples of breast cancer patients ~ Not determined - In cancer patients 4-HNE-PDGF adducts were significantly lower compared to controls ELISA [114]

AC, adenocarcinoma; GC, gas chromatography; IHC, immunohistochemistry; LC, liquid chromatography; MS, mass spectrometry; NSCLC, non-small cell lung cancer; SCC, squamous cell carcinoma; FT-ICR-MS; nanoelectrospray Fourier

transform-ion cyclotron resonance mass spectrometry.
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As a signaling molecule, 4-HNE stimulates gene ex-
pression by regulating transcription factors such as nuclear
factor erythroid 2-related factor 2 (Nrf2) and nuclear factor
kappa B (NFxB)[121]. NFxB is responsible for the biosyn-
thesis of various structural proteins, growth factors, pro-
inflammatory cytokines, and apoptotic proteins. Increased
expression of NFxB has been observed in lung cancer tis-
sue, and it has been suggested that 4-HNE, via activation
of the NFxB pathway, may induce inflammation leading
to cell apoptosis [39,121]. 4-HNE was also found to alter
the structure of Nrf2 inhibitors: both cytoplasmic (Keapl)
and nuclear (Bachl), thereby enhancing the transcriptional
activity of Nrf2. This in turn leads to increased biosynthe-
sis of cytoprotective proteins and activates cellular rescue
pathways against oxidative damage, inflammation, apopto-
sis, and carcinogenesis [39]. Consequently, Nrf2 promotes
the survival not only of normal cells but also of cancer cells
[122]. Therefore, increased activation of Nrf2 promotes
the progression of various types of cancer, including lung
cancer [123], by increasing the proliferation, chemoresis-
tance and radioresistance of malignant cells [124,125]. El-
evated levels of Nrf2 promote the production of antioxi-
dants, such as GSH and the maintenance of the redox bal-
ance, as well as the transcription of genes involved in the
proliferation of cancer cells. GSH has also been shown to
play an important role in cell proliferation and is upregu-
lated in A549 lung cancer cells [126], while in the tissue of
lung cancer, the GSH levels were found to be decreased in
adenocarcinoma and in SCC [106]. The observed increase
in 4-HNE-protein adduct levels in lung cancer is thought
to be associated with stromal cells in particular. A sim-

ilar association of LPO with prostate cancer progression
was found immunohistochemically using monoclonal an-
tibodies specific for the acrolein-protein adducts, the pres-
ence of which in the tumor stroma was suggested as a re-
liable biomarker of the cancer relapse [127]. Although the
presence of 4-HNE adducts in prostate cancer tissue is not
common, the plasma concentration of the 4-HNE protein
adducts was found by the 4-HNE-ELISA to be increased in
prostate cancer patients [127]. Although plasma levels of
the 4-HNE-protein adducts could in some cases of prostate
cancer reflect the presence of the aldehyde in the cancer
tissue (Fig. 2), it seems that the increase of 4-HNE in the
blood of patients with prostate cancer (on average 14.5 vs.
4 pmol/mg protein), is related to systemic changes in lipid
metabolism, which were investigated in detail by lipidomic
and metabolomic analyses [108]. The thus obtained results
suggest that increased levels of 4-HNE-protein adducts in
the blood of patients with prostate cancer could modulate
the biosynthesis of unsaturated fatty acids [108].

Plasma samples were collected before surgery from
the two patients with similar status and laboratory param-
eters. The left example patient age = 63, PSA = 5.82
(ng/mL), cancer stage GS 3+4=7 (pT2c+NOMX), the right
example patient age = 64, PSA =5.22 (ng/mL), cancer stage
GS 3+4 =7 (pT2c+NOMX). Immunohistochemistry of the
prostate carcinoma tissue specimens obtained by surgery
was done using the same monoclonal antibody as for the 4-
HNE-ELISA specific for the 4-HNE-histidine adducts. The
presence of the 4-HNE-protein adducts was visualized by
the 3,3’-Diaminobenzidine (DAB) brown color of staining,
with the blue negative contrast-staining by hematoxylin.

HNE-His in plasma

0,30

0,25

pmol HKNE/mgA prbtein

0,05

0,00

HNE-positive

HNE-negative

Immunohistochemistry

Fig. 2. Comparison of the ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA)-plasma levels of the 4-HNE-

protein adducts determined by the 4-HNE-ELISA with the immunohistochemistry of the prostate carcinoma tissue. 4-HNE,

4-hydroxynonenal.
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The photo on the left shows moderate to strong immunopos-
itivity of the carcinoma tissue, while the right photo shows
negative staining, i.e., the absence of 4-HNE-modified pro-
teins in cancer (magnification 200x). As can be seen, the
plasma level of the 4-HNE-protein adducts was higher in
the patient with a 4-HNE positive immunohistochemistry of
carcinoma than in the patient with a 4-HNE-negative cancer
immunohistochemistry.

Approximately 30% of proteins modified by 4-HNE
are localized in the mitochondria [128]. Therefore, it is hy-
pothesized that strategies focusing on the manipulation of
mitochondrial ROS production and 4-HNE formation may
have therapeutic significance for the treatment or preven-
tion of cancer [129,130]. Today various effective anticancer
treatments, including pharmacotherapy [130], surgery, and
radiotherapy, rely on oxidative stress and LPO generating
4-HNE, which is more cytotoxic for malignant cells than
for normal cells [131].

As mentioned already, acrolein was found to be useful
for prediction of prostate cancer progression (relapse) with
90% accuracy if tumor-positive surgical margins, stage of
disease, and the intensity of acrolein presence in tumor
stroma were taken together [127]. However, the appear-
ance of acrolein in prostate cancer might not be due to the
LPO, but also the spermine/spermidine metabolism [132].
On the contrary, the recent study found in more than 90%
of prostate carcinoma specimens no presence of 4-HNE-
protein adducts at all, neither in the tissue of prostate cancer
[108], nor even in the non-malignant prostate tissue adja-
cent to the cancer, which is different from the other types of
human malignancies studied so far by immunohistochem-
istry specific for the 4-HNE-histidine adducts. While it is
not unusual that increased levels of reactive aldehydes, such
as 4-HNE, can initially be increased in carcinogenesis to be
reduced afterwards in developed cancer tissue [133], the in-
crease of 4-HNE in the normal cells in the vicinity of cancer
might be considered a defense mechanism against cancer
[108]. Namely, 4-HNE may act as a systemic not only lo-
cal tissue factor of carcinogenesis [133,134] on one side,
while on the other, 4-HNE may also be considered a nat-
ural anti-cancer substance. Accordingly, 4-HNE may also
be considered an important factor in the spontaneous regres-
sion of cancer [101].

Changes in the presence of 4-HNE conjugates, as ob-
served during tumorigenesis, are not only specific for can-
cer, but very similar findings were also observed for pa-
tients with post-traumatic stress disorder (PTSD). Even
thirty years after the combat stress that caused PTSD, the
difference in the levels of 4-HNE-protein adducts in their
plasma increased “only” by about 20% on average (26 vs.
22.5 pmol/mg protein) when compared to the levels found
in the other warriors who did not suffer from PTSD [135].
The high values observed in the healthy men again con-
firmed that the type of monoclonal antibody and the pro-
tocol used are crucial aspects in the analysis of 4-HNE-
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protein adducts by 4-HNE-ELISA, as well as the kind of
samples analyzed. Indeed, in most of the studies presented
in this review, the 4-HNE-ELISA was used on human sera
or ethylenediaminetetraacetic acid tetrasodium salt dihy-
drate (EDTA) plasma samples, whereas in this study, the
acid citrate dextrose was used for the plasma collection.

It has also been suggested that the accumulation of 4-
HNE-protein adducts in some patients is the main cause of
age-associated neurodegenerative diseases. Elevated levels
of 4-HNE and 4-HNE-protein adducts have previously been
found in the neurons of Parkinson’s patients [136—138]. In
addition, increased levels of 4-HNE-protein adducts have
been reported in various brain regions and in the body flu-
ids of patients with Alzheimer’s disease, Huntington’s dis-
ease, and amyotrophic lateral sclerosis, as well as in animal
models of these diseases [139,140].

5. Conclusions

This review covered currently available information
on the applicability of different commercial and non-
commercial 4-HNE-ELISAs in clinical studies involving
patients with different diseases known to be associated with
oxidative stress, LPO, and 4-HNE (Fig. 3). Despite the
differences in the protocols and antibodies used, all stud-
ies confirmed the usefulness of 4-HNE-ELISA for research
purposes. In addition, although mass spectrometry analysis
is a valuable tool for the identification and quantification of
proteins modified with 4-HNE, due to its timely and costly
analysis, the 4-HNE-ELISA is frequently a preferred choice
to determine the amount of proteins modified with 4-HNE.

Because different protocols and the antibodies used
could give very different values of the 4-HNE-protein
adducts, the 4-HNE-ELISA should be combined with the
other complementary analytical methods and should be
used to allow comparisons between the values obtained for
patients and healthy people. In spite of protocol and anti-
body differences and the use of the different non-SI units,
all the studies analyzed have shown mostly significantly in-
creased levels of 4-HNE-protein adducts for about 50 to
300% in the samples obtained from patients when compared
with the healthy people of the respective control group.

As in any other biomarker studied in patients. it is
preferred to have not only single time analysis, but multi-
ple time point measurements done to allow monitoring of
the dynamics of the onset of oxidative stress and the sys-
temic response to the disease causing it. That is valid in
particular for acute diseases because individual values of
4-HNE-protein adducts could range in the blood in depen-
dence of the health condition even more than 3-fold in a
period of days, as was shown for the COVID-19 patients.

Author Contributions

NZ and ES designed the study. NZ, AG, Wi, MJ,
SBS, KZ and ES acquired, analyzed and interpreted the
data. NZ, AG, WL, MJ, SBS, KZ and ES wrote the

11


https://www.imrpress.com

Sample

1)

LC-MS

ELISA

inassaty, opa

a s

WB

A4 e W2 P ez
@ W W ke

_ 0000

1

type of modification
semi-quantitative

1

semi-quantitative

1

quantification

analysis analysis
Rheumatoid arthritis
(autoimmune disease)
Detection of T plasmgllsf?rydm
4-HNE-protein adducts T Sy ROMIal TN
D urine
e ] b
" - Psoriasis
/ Cancer \ /I'ick borne diseases /" COVID-19 \ (autoimmune disease)
(lung cancer, (infectious diseases) | |(infectious diseases) D skin/skin cells
osteosarcoma, breast N CSF M plasma
cancer, prostate A plasma * L:jrglgrf ™ blood cells
cancer) N urine M heart different values depending
N plasma/_serur_n different values ™ liver on the disease form
‘I appropriatetissue || depending on the disease M kidneys (i.e. PsV vs PsA)

\’I‘ breathsamp|65/\ (eq. TBEorLD) )

\_ ™ plasma /

Fig. 3. Increased levels of the 4-HNE-protein adducts in human plasma and/or samples measured by LC-MS, WB or ELISA in

the human diseases studied, which also included healthy controls. LC-MS, liquid chromatography—mass spectrometry; WB, western

blotting; CSF, cerebrospinal fluid; Arrows indicate increase.

manuscript. All authors contributed to editorial changes
in the manuscript. All authors read and approved the fi-
nal manuscript. All authors have participated sufficiently
in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

The authors extend their appreciation to the COST Ac-
tion B35 and project CRO_A-00033.

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest. Given the
role as Editorial Board Member, Neven Zarkovi¢ had no in-
volvement in the peer-review of this article and has no ac-

12

cess to information regarding its peer-review. Full responsi-
bility for the editorial process for this article was delegated
to Giuseppe Murdaca.

References

[1] Negre-Salvayre A, Auge N, Ayala V, Basaga H, Boada J, Brenke
R, et al. Pathological aspects of lipid peroxidation. Free Radical
Research. 2010; 44: 1125-1171.

Zarkovic N. 4-hydroxynonenal as a bioactive marker of patho-
physiological processes. Molecular Aspects of Medicine. 2003;
24: 281-291.

Jaganjac M, Milkovic L, Gegotek A, Cindric M, Zarkovic K,
Skrzydlewska E, et al. The relevance of pathophysiological al-
terations in redox signaling of 4-hydroxynonenal for pharmaco-
logical therapies of major stress-associated diseases. Free Radi-
cal Biology & Medicine. 2020; 157: 128-153.

Al-Menhali AS, Banu S, Angelova PR, Barcaru A, Horvatovich
P, Abramov AY, et al. Lipid peroxidation is involved in calcium
dependent upregulation of mitochondrial metabolism in skeletal
muscle. Biochimica et Biophysica Acta. General Subjects. 2020;
1864: 129487.

Vistoli G, De Maddis D, Cipak A, Zarkovic N, Carini M, Al-
dini G. Advanced glycoxidation and lipoxidation end products

(2]

(3]

(4]

[3]

&% IMR Press


https://www.imrpress.com

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(AGEs and ALEs): an overview of their mechanisms of forma-
tion. Free Radical Research. 2013; 47: 3-27.

Milkovic L, Zarkovic N, Marusic Z, Zarkovic K, Jaganjac M.
The 4-Hydroxynonenal-Protein Adducts and Their Biological
Relevance: Are Some Proteins Preferred Targets? Antioxidants
(Basel, Switzerland). 2023; 12: 856.

Zivkovié M, Zarkovi¢ K, Skrinjar L, Waeg G, Poljak-Blazi M,
Sunji¢ SB, et al. A new method for detection of HNE-histidine
conjugates in rat inflammatory cells. Croatica Chemica Acta.
2005; 78: 91-98.

Wakita C, Honda K, Shibata T, Akagawa M, Uchida K. A
method for detection of 4-hydroxy-2-nonenal adducts in pro-
teins. Free Radical Biology & Medicine. 2011; 51: 1-4.
Zarkovic K, Jakovcevic A, Zarkovic N. Contribution of the
HNE-immunohistochemistry to modern pathological concepts
of major human diseases. Free Radical Biology & Medicine.
2017; 111: 110-126.

Borovic S, Rabuzin F, Waeg G, Zarkovic N. Enzyme-linked im-
munosorbent assay for 4-hydroxynonenal-histidine conjugates.
Free Radical Research. 2006; 40: 809-820.

Weber D, Milkovic L, Bennett SJ, Griffiths HR, Zarkovic
N, Grune T. Measurement of HNE-protein adducts in human
plasma and serum by ELISA-Comparison of two primary an-
tibodies. Redox Biology. 2013; 1: 226-233.

Breusing N, Grune T, Andrisic L, Atalay M, Bartosz G, Biasi
F, et al. An inter-laboratory validation of methods of lipid per-
oxidation measurement in UVA-treated human plasma samples.
Free Radical Research. 2010; 44: 1203-1215.

Frijhoff J, Winyard PG, Zarkovic N, Davies SS, Stocker R,
Cheng D, et al. Clinical Relevance of Biomarkers of Oxidative
Stress. Antioxidants & Redox Signaling. 2015; 23: 1144-1170.
Mielenz M, Mielenz B, Singh SP, Kopp C, Heinz J, Haussler
S, et al. Development, validation, and pilot application of a
semiquantitative Western blot analysis and an ELISA for bovine
adiponectin. Domestic Animal Endocrinology. 2013; 44: 121-
130.

Domingues MR, Fedorova M, Domingues P. Mass spectrome-
try detection of protein modification by cross-reaction with lipid
peroxidation products. Reactive Oxygen Species, Lipid Perox-
idation and Protein Oxidation. Nova Science Publishers, Inc:
Hauppauge, NY, USA. 2014.

Creasy DM, Cottrell JS. Unimod: Protein modifications for
mass spectrometry. Proteomics. 2004; 4: 1534—1536.

Hu S, Jiang J, Wong DT. Proteomic analysis of saliva: 2D gel
electrophoresis, LC-MS/MS, and Western blotting. Methods in
Molecular Biology (Clifton, N.J.). 2010; 666: 31-41.
Rajashekaraiah V, Hsieh C, Pallavi M. Modulations in Oxida-
tive Stress of Erythrocytes during Bacterial and Viral Infections.
In Shad KF (ed.) Erythrocyte: A Peripheral Biomarker For In-
fection and Inflammation. IntechOpen: Rijeka. 2021.

Suhail S, Zajac J, Fossum C, Lowater H, McCracken C, Sever-
son N, ef al. Role of Oxidative Stress on SARS-CoV (SARS)
and SARS-CoV-2 (COVID-19) Infection: A Review. The Pro-
tein Journal. 2020; 39: 644—-656.

Tabakh H, McFarland AP, Thomason MK, Pollock AJ, Glover
RC, Zaver SA, et al. 4-Hydroxy-2-nonenal antimicrobial toxic-
ity is neutralized by an intracellular pathogen. eLife. 2021; 10:
€59295.

Jacobs W, Lammens M, Kerckhofs A, Voets E, Van San E, Van
Coillie S, et al. Fatal lymphocytic cardiac damage in coronavirus
disease 2019 (COVID-19): autopsy reveals a ferroptosis signa-
ture. ESC Heart Failure. 2020; 7: 3772-3781.

Zarkovi¢ N, Orehovec B, Milkovi¢ L, Bar§i¢ B, Tatzber F,
Wonisch W, et al. Preliminary Findings on the Association
of the Lipid Peroxidation Product 4-Hydroxynonenal with the
Lethal Outcome of Aggressive COVID-19. Antioxidants (Basel,

&% IMR Press

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Switzerland). 2021; 10: 1341.

Zarkovic N, Jakovcevic A, Mataic A, Jaganjac M, Vukovic T,
Waeg G, et al. Post-mortem Findings of Inflammatory Cells and
the Association of 4-Hydroxynonenal with Systemic Vascular
and Oxidative Stress in Lethal COVID-19. Cells. 2022; 11: 444.
Zarkovi¢ N, Jastrzab A, Jarocka-Karpowicz I, Orehovec B,
Barsi¢ B, Tarle M, ef al. The Impact of Severe COVID-19 on
Plasma Antioxidants. Molecules (Basel, Switzerland). 2022; 27:
5323.

Gegotek A, Zarkovic N, Orehovec B, Jaganjac M, Sunjic SB,
Skrzydlewska E. Short Survey on the Protein Modifications in
Plasma during SARS-CoV-2 Infection. International Journal of
Molecular Sciences. 2023; 24: 14109.

Moniuszko-Malinowska A, Luczaj W, Jarocka-Karpowicz I,
Pancewicz S, Zajkowska J, Andrisic L, et al. Lipid peroxidation
in the pathogenesis of neuroborreliosis. Free Radical Biology &
Medicine. 2016; 96: 255-263.

Luczaj W, Moniuszko A, Jarocka-Karpowicz I, Pancewicz S,
Andrisic L, Zarkovic N, et al. Tick-borne encephalitis—lipid per-
oxidation and its consequences. Scandinavian Journal of Clini-
cal and Laboratory Investigation. 2016; 76: 1-9.

Gegotek A, Moniuszko-Malinowska A, Groth M, Pancewicz S,
Czupryna P, Dunaj J, et al. Plasma Proteomic Profile of Patients
with Tick-Borne Encephalitis and Co-Infections. International
Journal of Molecular Sciences. 2022; 23: 4374.

Groth M, Skrzydlewska E, Czupryna P, Biernacki M,
Moniuszko-Malinowska A. Lipid mediators of cerebrospinal
fluid in response to TBE and bacterial co-infections. Free
Radical Biology & Medicine. 2023; 207: 272-278.
Dobrzynska M, Moniuszko-Malinowska A, Jarocka-Karpowicz
I, Czupryna P, Groth M, Skrzydlewska E. Metabolic Response
to Tick-Borne Encephalitis Virus Infection and Bacterial Co-
Infections. Pathogens (Basel, Switzerland). 2022; 11: 384.
Martin-Fernandez M, Aller R, Heredia-Rodriguez M, Goémez-
Sanchez E, Martinez-Paz P, Gonzalo-Benito H, et al. Lipid per-
oxidation as a hallmark of severity in COVID-19 patients. Redox
Biology. 2021; 48: 102181.

Jiang YL, Liu HY, Tang MM, Cheng JY, Zhao H, Fu L. Serum
Level of 4-Hydroxynonenal in Community-Acquired Pneumo-
nia: A Potential Biomarker for Severity and Prognosis. Frontiers
in Medicine. 2022; 9: 798343.

Jaganjac M, Matijevic T, Cindric M, Cipak A, Mrakovcic L,
Gubisch W, et al. Induction of CMV-1 promoter by 4-hydroxy-
2-nonenal in human embryonic kidney cells. Acta Biochimica
Polonica. 2010; 57: 179-183.

Skorokhod A, Schwarzer E, Gremo G, Arese P. HNE produced
by the malaria parasite Plasmodium falciparum generates HNE-
protein adducts and decreases erythrocyte deformability. Redox
Report: Communications in Free Radical Research. 2007; 12:
73-75.

Boulanger N, Boyer P, Talagrand-Reboul E, Hansmann Y. Ticks
and tick-borne diseases. Medecine et Maladies Infectieuses.
2019; 49: 87-97.

Bernard Q, Grillon A, Lenormand C, Ehret-Sabatier L,
Boulanger N. Skin Interface, a Key Player for Borrelia Multi-
plication and Persistence in Lyme Borreliosis. Trends in Para-
sitology. 2020; 36: 304-314.

Cardenas-de la Garza JA, De la Cruz-Valadez E, Ocampo-
Candiani J, Welsh O. Clinical spectrum of Lyme disease. Eu-
ropean Journal of Clinical Microbiology & Infectious Diseases:
Official Publication of the European Society of Clinical Micro-
biology. 2019; 38: 201-208.

Luczaj W, Moniuszko A, Rusak M, Zajkowska J, Pancewicz S,
Skrzydlewska E. Peroxidative metabolism of arachidonic acid
in the course of Lyme arthritis. Annals of Agricultural and En-
vironmental Medicine: AAEM. 2015; 22: 433-437.

13


https://www.imrpress.com

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

14

Gegotek A, Skrzydlewska E. Biological effect of protein modi-
fications by lipid peroxidation products. Chemistry and Physics
of Lipids. 2019; 221: 46-52.

Cindri¢ M, Cipak Gasparovi¢ A, Milkovié L, Bujak IT, Mihalje-
vi¢ B, Zarkovi¢ N, et al. 4-Hydroxynonenal Modulates Blood-
Brain Barrier Permeability In Vitro through Changes in Lipid
Composition and Oxidative Status of Endothelial Cells and As-
trocytes. International Journal of Molecular Sciences. 2022; 23:
14373.

Jaganjac M, Cindri¢ M, Jakovcevié¢ A, Zarkovi¢ K, Zarkovi¢
N. Lipid peroxidation in brain tumors. Neurochemistry Interna-
tional. 2021; 149: 105118.

Luczaj W, Domingues P, Domingues MR, Pancewicz S, Skrzy-
dlewska E. Phospholipidomic Analysis Reveals Changes in Sph-
ingomyelin and Lysophosphatidylcholine Profiles in Plasma
from Patients with Neuroborreliosis. Lipids. 2017; 52: 93-98.
Chavez J, Chung WG, Miranda CL, Singhal M, Stevens JF,
Maier CS. Site-specific protein adducts of 4-hydroxy-2(E)-
nonenal in human THP-1 monocytic cells: protein carbonylation
is diminished by ascorbic acid. Chemical Research in Toxicol-
ogy. 2010; 23: 37-47.

Stafford IS, Kellermann M, Mossotto E, Beattie RM, MacArthur
BD, Ennis S. A systematic review of the applications of artificial
intelligence and machine learning in autoimmune diseases. NPJ
Digital Medicine. 2020; 3: 30.

Raharja A, Mahil SK, Barker JN. Psoriasis: a brief overview.
Clinical Medicine (London, England). 2021; 21: 170-173.
Wang L, Wang FS, Gershwin ME. Human autoimmune diseases:
a comprehensive update. Journal of Internal Medicine. 2015;
278: 369-395.

Sredoja Tisma V, Bulimbasic S, Galesic Ljubanovic D, Galesic
K, Morovic-Vergles J, Mitrovic J, et al. The Onset of Systemic
Oxidative Stress Associated with the Accumulation of Lipid Per-
oxidation Product Acrolein in the Skin of Patients with Small-
Vessel Vasculitis. Molecules (Basel, Switzerland). 2021; 26:
2344,

Woijcik P, Gegotek A, Zarkovié N, Skrzydlewska E. Oxidative
Stress and Lipid Mediators Modulate Immune Cell Functions in
Autoimmune Diseases. International Journal of Molecular Sci-
ences. 2021; 22: 723.

Jaganjac M, Zarkovic N. Lipid Peroxidation Linking Diabetes
and Cancer: The Importance of 4-Hydroxynonenal. Antioxi-
dants & Redox Signaling. 2022; 37: 1222-1233.

Wang Y, Wang W, Yang H, Shao D, Zhao X, Zhang G. Intraperi-
toneal injection of 4-hydroxynonenal (4-HNE), a lipid peroxida-
tion product, exacerbates colonic inflammation through activa-
tion of Toll-like receptor 4 signaling. Free Radical Biology &
Medicine. 2019; 131: 237-242.

Reid C, Griffiths CEM. Psoriasis and Treatment: Past, Present
and Future Aspects. Acta Dermato-venereologica. 2020; 100:
adv00032.

Armstrong AW, Read C. Pathophysiology, Clinical Presenta-
tion, and Treatment of Psoriasis: A Review. JAMA. 2020; 323:
1945-1960.

Dobrica EC, Cozma MA, Gaman MA, Voiculescu VM, Gaman
AM. The Involvement of Oxidative Stress in Psoriasis: A Sys-
tematic Review. Antioxidants (Basel, Switzerland). 2022; 11:
282.

Cannavo SP, Riso G, Casciaro M, Di Salvo E, Gangemi S. Ox-
idative stress involvement in psoriasis: a systematic review. Free
Radical Research. 2019; 53: 829-840.

Wronski A, Wojcik P. Impact of ROS-Dependent Lipid
Metabolism on Psoriasis Pathophysiology. International Journal
of Molecular Sciences. 2022; 23: 12137.

Pietrzak A, Chabros P, Grywalska E, Kicinski P, Pietrzak-
Franciszkiewicz K, Krasowska D, et al. Serum lipid metabolism

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

in psoriasis and psoriatic arthritis - an update. Archives of Med-
ical Science: AMS. 2019; 15: 369-375.

Chadha H, Chandra P, Meher B. LIPID PEROXIDATION A
PARAMETER LINKED TO OXIDATIVE STRESS AND PSO-
RIASIS: A REVIEW. Indian Drugs. 2020; 57: 7-15.

Bivik Eding C, Kéhler I, Verma D, Sjogren F, Bamberg C,
Karsten S, et al. MTHI1 Inhibitors for the Treatment of Psoriasis.
The Journal of Investigative Dermatology. 2021; 141: 2037—
2048.¢4.

Shou Y, Yang L, Yang Y, Xu J. Inhibition of keratinocyte ferrop-
tosis suppresses psoriatic inflammation. Cell Death & Disease.
2021; 12: 1009.

Kodji X, Arkless KL, Kee Z, Cleary SJ, Aubdool AA, Evans E,
et al. Sensory nerves mediate spontaneous behaviors in addition
to inflammation in a murine model of psoriasis. FASEB Journal:
Official Publication of the Federation of American Societies for
Experimental Biology. 2019; 33: 1578-1594.
Jarocka-Karpowicz I, Biernacki M, Wronski A, Gegotek
A, Skrzydlewska E. Cannabidiol Effects on Phospholipid
Metabolism in Keratinocytes from Patients with Psoriasis Vul-
garis. Biomolecules. 2020; 10: 367.

Karabowicz P, Wronski A, Ostrowska H, Waeg G, Zarkovic N,
Skrzydlewska E. Reduced Proteasome Activity and Enhanced
Autophagy in Blood Cells of Psoriatic Patients. International
Journal of Molecular Sciences. 2020; 21: 7608.

Wojcik P, Biernacki M, Wronski A, Luczaj W, Waeg G,
Zarkovi¢ N, et al. Altered Lipid Metabolism in Blood Mononu-
clear Cells of Psoriatic Patients Indicates Differential Changes in
Psoriasis Vulgaris and Psoriatic Arthritis. International Journal
of Molecular Sciences. 2019; 20: 4249.

Ambrozewicz E, Wojcik P, Wronski A, Luczaj W, Jastrzab
A, Zarkovié¢ N, et al. Pathophysiological Alterations of Redox
Signaling and Endocannabinoid System in Granulocytes and
Plasma of Psoriatic Patients. Cells. 2018; 7: 159.

Gegotek A, Domingues P, Wronski A, Ambrozewicz E, Skrzy-
dlewska E. The Proteomic Profile of Keratinocytes and Lympho-
cytes in Psoriatic Patients. Proteomics. Clinical Applications.
2019; 13: ¢1800119.

Gegotek A, Domingues P, Wronski A, Wojcik P, Skrzydlewska
E. Proteomic plasma profile of psoriatic patients. Journal of
Pharmaceutical and Biomedical Analysis. 2018; 155: 185-193.
Selley ML, Bourne DJ, Bartlett MR, Tymms KE, Brook AS,
Duffield AM, et al. Occurrence of (E)-4-hydroxy-2-nonenal in
plasma and synovial fluid of patients with rheumatoid arthritis
and osteoarthritis. Annals of the Rheumatic Diseases. 1992; 51:
481-484.

Luczaj W, Gindzienska-Sieskiewicz E, Jarocka-Karpowicz I,
Andrisic L, Sierakowski S, Zarkovic N, et al. The onset of lipid
peroxidation in rheumatoid arthritis: consequences and moni-
toring. Free Radical Research. 2016; 50: 304-313.

Pereira I, Mendes SJF, Pereira DMS, Muniz TF, Colares VLP,
Monteiro CRAV, et al. Transient Receptor Potential Ankyrin
1 Channel Expression on Peripheral Blood Leukocytes from
Rheumatoid Arthritic Patients and Correlation with Pain and
Disability. Frontiers in Pharmacology. 2017; 8: 53.

Saeed U, Khan IA, Bukhari MH, Saeed S. Estimation of Plasma
HNE (4-Hydroxy-2-Nonenal), PGF2« (Prostaglandin F2«) and
8-OHDG (Hydroxy-Deoxy-Guanosine) Levels in patients with
Rheumatoid Arthritis in Cosmopolitan Lahore. Pakistan Journal
of Medical & Health Sciences. 2018; 12: 1457-1460.

Khan F, Moinuddin, Mir AR, Islam S, Abidi M, Husain MA,
et al. Unsaturated aldehyde, 4-hydroxynonenal (HNE) alters the
structural integrity of HSA with consequences in the immuno-
pathology of rheumatoid arthritis. International Journal of Bio-
logical Macromolecules. 2018; 112: 306-314.

Tsai KL, Chang CC, Chang YS, Lu YY, Tsai 1J, Chen JH, et al.

&% IMR Press


https://www.imrpress.com

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Isotypes of autoantibodies against novel differential 4-hydroxy-
2-nonenal-modified peptide adducts in serum is associated with
rheumatoid arthritis in Taiwanese women. BMC Medical Infor-
matics and Decision Making. 2021; 21: 49.

Carini M, Aldini G, Facino RM. Mass spectrometry for detection
of 4-hydroxy-trans-2-nonenal (HNE) adducts with peptides and
proteins. Mass Spectrometry Reviews. 2004; 23: 281-305.
Luczaj W, Gegotek A, Skrzydlewska E. Analytical approaches
to assess metabolic changes in psoriasis. Journal of Pharmaceu-
tical and Biomedical Analysis. 2021; 205: 114359.

Al-Menhali AS, Anderson C, Gourine AV, Abramov AY,
D’Souza A, Jaganjac M. Proteomic Analysis of Cardiac Adap-
tation to Exercise by High Resolution Mass Spectrometry. Fron-
tiers in Molecular Biosciences. 2021; 8: 723858.

Bullock J, Rizvi SAA, Saleh AM, Ahmed SS, Do DP, Ansari
RA, et al. Rheumatoid Arthritis: A Brief Overview of the Treat-
ment. Medical Principles and Practice: International Journal of
the Kuwait University, Health Science Centre. 2018; 27: 501—
507.

Khojah HM, Ahmed S, Abdel-Rahman MS, Hamza AB. Reac-
tive oxygen and nitrogen species in patients with rheumatoid
arthritis as potential biomarkers for disease activity and the role
of antioxidants. Free Radical Biology & Medicine. 2016; 97:
285-291.

Cipak Gasparovic A, Zarkovic N, Zarkovic K, Semen K, Kamin-
skyy D, Yelisyeyeva O, et al. Biomarkers of oxidative and nitro-
oxidative stress: conventional and novel approaches. British
Journal of Pharmacology. 2017; 174: 1771-1783.

Ponist S, Zloh M, Bauerova K. Impact of Oxidative Stress on
Inflammation in Rheumatoid and Adjuvant Arthritis: Damage to
Lipids, Proteins, and Enzymatic Antioxidant Defense in Plasma
and Different Tissues. In Tvrda E, Yenisetti SC, (eds.) Animal
Models in Medicine and Biology. IntechOpen: Rijeka. 2019.
Yin G, Li Y, Yang M, Cen XM, Xie QB. Pim-2/mTORCI1
Pathway Shapes Inflammatory Capacity in Rheumatoid Arthri-
tis Synovial Cells Exposed to Lipid Peroxidations. BioMed Re-
search International. 2015; 2015: 240210.

Yin G, Wang Y, Cen XM, Yang M, Liang Y, Xie QB. Lipid
peroxidation-mediated inflammation promotes cell apoptosis
through activation of NF-kB pathway in rheumatoid arthritis
synovial cells. Mediators of Inflammation. 2015; 2015: 460310.
Balogh E, Veale DJ, McGarry T, Orr C, Szekanecz Z, Ng CT, et
al. Oxidative stress impairs energy metabolism in primary cells
and synovial tissue of patients with rheumatoid arthritis. Arthri-
tis Research & Therapy. 2018; 20: 95.

Costa NT, Iriyoda TMV, Alfieri DF, Simao ANC, Dichi I. Influ-
ence of disease-modifying antirheumatic drugs on oxidative and
nitrosative stress in patients with rheumatoid arthritis. Inflam-
mopharmacology. 2018; 26: 1151-1164.

Kamanli A, Naziroglu M, Aydilek N, Hacievliyagil C. Plasma
lipid peroxidation and antioxidant levels in patients with
rheumatoid arthritis. Cell Biochemistry and Function. 2004; 22:
53-57.

Karatas F, Ozates I, Canatan H, Halifeoglu I, Karatepe M, Co-
lakt R. Antioxidant status & lipid peroxidation in patients with
rheumatoid arthritis. The Indian Journal of Medical Research.
2003; 118: 178-181.

Gronwall C, Amara K, Hardt U, Krishnamurthy A, Steen
J, Engstrom M, et al. Autoreactivity to malondialdehyde-
modifications in rheumatoid arthritis is linked to disease activity
and synovial pathogenesis. Journal of Autoimmunity. 2017; 84:
29-45.

Zamiri K, Kesari S, Paul K, Hwang SH, Hammock B, Kaczor-
Urbanowicz KE, et al. Therapy of autoimmune inflammation
in sporadic amyotrophic lateral sclerosis: Dimethyl fumarate
and H-151 downregulate inflammatory cytokines in the cGAS-

&% IMR Press

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

STING pathway. FASEB Journal: Official Publication of the
Federation of American Societies for Experimental Biology.
2023; 37: €23068.

Devos D, Moreau C, Kyheng M, Gargon G, Rolland AS, Blasco
H, et al. A ferroptosis-based panel of prognostic biomarkers
for Amyotrophic Lateral Sclerosis. Scientific Reports. 2019; 9:
2918.

Petrelli A, Giovenzana A, Insalaco V, Phillips BE, Pietropaolo
M, Giannoukakis N. Autoimmune Inflammation and Insulin Re-
sistance: Hallmarks So Far and Yet So Close to Explain Diabetes
Endotypes. Current Diabetes Reports. 2021; 21: 54.

de Candia P, Prattichizzo F, Garavelli S, De Rosa V, Galgani M,
DiRellaF, et al. Type 2 Diabetes: How Much of an Autoimmune
Disease? Frontiers in Endocrinology. 2019; 10: 451.

Elrayess MA, Almuraikhy S, Kafienah W, Al-Menhali A, Al-
Khelaifi F, Bashah M, et al. 4-hydroxynonenal causes impair-
ment of human subcutaneous adipogenesis and induction of
adipocyte insulin resistance. Free Radical Biology & Medicine.
2017; 104: 129-137.

Guo L, Zhang XM, Zhang YB, Huang X, Chi MH. Association
of 4-hydroxynonenal with classical adipokines and insulin re-
sistance in a Chinese non-diabetic obese population. Nutricion
Hospitalaria. 2017; 34: 363-368.

Soldo AM, Soldo I, Karaci¢ A, Konjevod M, Perkovic MN, Gla-
van TM, et al. Lipid Peroxidation in Obesity: Can Bariatric
Surgery Help? Antioxidants (Basel, Switzerland). 2022; 11:
1537.

Podszun MC, Chung JY, Ylaya K, Kleiner DE, Hewitt SM, Rot-
man Y. 4-HNE Immunohistochemistry and Image Analysis for
Detection of Lipid Peroxidation in Human Liver Samples Us-
ing Vitamin E Treatment in NAFLD as a Proof of Concept. The
Journal of Histochemistry and Cytochemistry: Official Journal
of the Histochemistry Society. 2020; 68: 635-643.

Mottaran E, Stewart SF, Rolla R, Vay D, Cipriani V, Moretti
M, et al. Lipid peroxidation contributes to immune reactions as-
sociated with alcoholic liver disease. Free Radical Biology &
Medicine. 2002; 32: 38-45.

Jaganjac M, Milkovic L, Sunjic SB, Zarkovic N. The NRF2,
Thioredoxin, and Glutathione System in Tumorigenesis and An-
ticancer Therapies. Antioxidants (Basel, Switzerland). 2020; 9:
1151.

Jaganjac M, Poljak-Blazi M, Zarkovic K, Schaur RJ, Zarkovic
N. The involvement of granulocytes in spontaneous regression
of Walker 256 carcinoma. Cancer Letters. 2008; 260: 180—186.
Jaganjac M, Poljak-Blazi M, Schaur RJ, Zarkovic K, Borovic S,
Cipak A, et al. Elevated neutrophil elastase and acrolein-protein
adducts are associated with W256 regression. Clinical and Ex-
perimental Immunology. 2012; 170: 178-185.

Zarkovi¢ N, Jaganjac M, Zarkovi¢ K, Gegotek A, Skrzydlewska
E. Spontaneous Regression of Cancer: Revealing Granulocytes
and Oxidative Stress as the Crucial Double-edge Sword. Fron-
tiers in Bioscience (Landmark Edition). 2022; 27: 119.

[100] Juric-Sekhar G, Zarkovic K, Waeg G, Cipak A, Zarkovic

N. Distribution of 4-hydroxynonenal-protein conjugates as a
marker of lipid peroxidation and parameter of malignancy in as-
trocytic and ependymal tumors of the brain. Tumori. 2009; 95:
762-768.

[101] Jakovéevié A, Zarkovi¢ K, Jakov&evié D, Rakugi¢ Z, Prgomet

D, Waeg G, et al. The Appearance of 4-Hydroxy-2-Nonenal
(HNE) in Squamous Cell Carcinoma of the Oropharynx.
Molecules (Basel, Switzerland). 2020; 25: 868.

[102] Zarkovi¢ N, Zarkovi¢ K, Schaur RJ, Stolc S, Schlag G, Redl H,

et al. 4-Hydroxynonenal as a second messenger of free radicals
and growth modifying factor. Life Sciences. 1999; 65: 1901—
1904.

[103] Oberley TD, Toyokuni S, Szweda LI. Localization of hydrox-

15


https://www.imrpress.com

ynonenal protein adducts in normal human kidney and selected
human kidney cancers. Free Radical Biology & Medicine. 1999;
27: 695-703.

[104] Zanetti D, Poli G, Vizio B, Zingaro B, Chiarpotto E, Biasi F.
4-hydroxynonenal and transforming growth factor-betal expres-
sion in colon cancer. Molecular Aspects of Medicine. 2003; 24:
273-280.

[105] Bauer G, Zarkovic N. 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 Radical Biology &
Medicine. 2015; 81: 128-144.

[106] Gegotek A, Niklinski J, Zarkovié N, Zarkovié K, Waeg G,
Luczaj W, et al. Lipid mediators involved in the oxidative stress
and antioxidant defence of human lung cancer cells. Redox Bi-
ology. 2016; 9: 210-219.

[107] FuXA,LiM, Knipp RJ, Nantz MH, Bousamra M. Noninvasive
detection of lung cancer using exhaled breath. Cancer Medicine.
2014; 3: 174-181.

[108] Perkovic MN, Jaganjac M, Milkovic L, Horvat T, Rojo D,
Zarkovic K, et al. Relationship between 4-Hydroxynonenal
(4-HNE) as Systemic Biomarker of Lipid Peroxidation and
Metabolomic Profiling of Patients with Prostate Cancer.
Biomolecules. 2023; 13: 145.

[109] Eskelinen M, Saimanen I, Koskela R, Holopainen A, Selander
T, Eskelinen M. Plasma Concentration of the Lipid Peroxida-
tion (LP) Biomarker 4-Hydroxynonenal (4-HNE) in Benign and
Cancer Patients. In Vivo (Athens, Greece). 2022; 36: 773-779.

[110] Zivkovi¢ NP, Petrovecki M, Longarié¢ CT, Nikoli¢ I, Waeg G,
Jaganjac M, et al. Positron emission tomography-computed to-
mography and 4-hydroxynonenal-histidine immunohistochem-
istry reveal differential onset of lipid peroxidation in primary
lung cancer and in pulmonary metastasis of remote malignan-
cies. Redox Biology. 2017; 11: 600-605.

[111] Zabtocka-Stowinska K, Placzkowska S, Skorska K, Prescha A,
Pawetczyk K, Porgbska I, ef al. Oxidative stress in lung can-
cer patients is associated with altered serum markers of lipid
metabolism. PloS One. 2019; 14: €0215246.

[112] Borovic S, Cipak A, Meinitzer A, Kejla Z, Perovic D, Waeg G,
et al. Differential sensitivity to 4-hydroxynonenal for normal and
malignant mesenchymal cells. Redox Report: Communications
in Free Radical Research. 2007; 12: 50-54.

[113] Sunjic SB, Gasparovic AC, Jaganjac M, Rechberger G,
Meinitzer A, Grune T, et al. Sensitivity of Osteosarcoma Cells
to Concentration-Dependent Bioactivities of Lipid Peroxidation
Product 4-Hydroxynonenal Depend on Their Level of Differen-
tiation. Cells. 2021; 10: 269.

[114] Jin H, Daly DS, Marks JR, Zangar RC. Oxidatively modi-
fied proteins as plasma biomarkers in breast cancer. Cancer
Biomarkers: Section a of Disease Markers. 2013; 13: 193-200.

[115] Fortunati N, Manti R, Birocco N, Pugliese M, Brignardello E,
Ciuffreda L, et al. Pro-inflammatory cytokines and oxidative
stress/antioxidant parameters characterize the bio-humoral pro-
file of early cachexia in lung cancer patients. Oncology Reports.
2007; 18: 1521-1527.

[116] Jaganjac M, Prah 10, Cipak A, Cindric M, Mrakovcic L,
Tatzber F, et al. Effects of bioreactive acrolein from automotive
exhaust gases on human cells in vitro. Environmental Toxicol-
ogy. 2012; 27: 644-652.

[117] Asakawa A, Kawade G, Kurata M, Fukuda S, Onishi I, Ki-
nowaki Y, et al. Stratification of lung squamous cell carcinoma
based on ferroptosis regulators: Potential for new therapeutic
strategies involving ferroptosis induction. Lung Cancer (Ams-
terdam, Netherlands). 2022; 165: 82-90.

[118] Li M, Yang D, Brock G, Knipp RJ, Bousamra M, Nantz MH,
et al. Breath carbonyl compounds as biomarkers of lung cancer.

16

Lung Cancer (Amsterdam, Netherlands). 2015; 90: 92-97.

[119] Luczaj W, Gegotek A, Skrzydlewska E. Antioxidants and HNE
in redox homeostasis. Free Radical Biology & Medicine. 2017;
111: 87-101.

[120] Siems W, Grune T. Intracellular metabolism of 4-
hydroxynonenal. Molecular Aspects of Medicine. 2003;
24: 167-175.

[121] Weber D, Lanci R. Lipid peroxidation and cancer. Advanced
Cancer. 2021; 4: 24.

[122] Singh A, Misra V, Thimmulappa RK, Lee H, Ames S, Hoque
MO, et al. Dysfunctional KEAP1-NRF2 interaction in non-
small-cell lung cancer. PLoS Medicine. 2006; 3: ¢420.

[123] Lee S, Lim MJ, Kim MH, Yu CH, Yun YS, Ahn J, et al. An
effective strategy for increasing the radiosensitivity of Human
lung Cancer cells by blocking Nrf2-dependent antioxidant re-
sponses. Free Radical Biology & Medicine. 2012; 53: 807-816.

[124] Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T,
Aburatani H, et al. Nrf2 redirects glucose and glutamine into
anabolic pathways in metabolic reprogramming. Cancer Cell.
2012; 22: 66-79.

[125] Chien MH, Lee WIJ, Hsieh FK, Li CF, Cheng TY, Wang MY,
et al. Keap1-Nrf2 Interaction Suppresses Cell Motility in Lung
Adenocarcinomas by Targeting the S100P Protein. Clinical Can-
cer Research: an Official Journal of the American Association
for Cancer Research. 2015; 21: 4719-4732.

[126] Wang Q, Zheng XL, Yang L, Shi F, Gao LB, Zhong YJ, et
al. Reactive oxygen species-mediated apoptosis contributes to
chemosensitization effect of saikosaponins on cisplatin-induced
cytotoxicity in cancer cells. Journal of Experimental & Clinical
Cancer Research: CR. 2010; 29: 159.

[127] Custovic Z, Zarkovic K, Cindric M, Cipak A, Jurkovic I, Son-
icki Z, et al. Lipid peroxidation product acrolein as a predictive
biomarker of prostate carcinoma relapse after radical surgery.
Free Radical Research. 2010; 44: 497-504.

[128] Poli G, Biasi F, Leonarduzzi G. 4-Hydroxynonenal-protein
adducts: A reliable biomarker of lipid oxidation in liver diseases.
Molecular Aspects of Medicine. 2008; 29: 67-71.

[129] Zhong H, Yin H. Role of lipid peroxidation derived 4-
hydroxynonenal (4-HNE) in cancer: focusing on mitochondria.
Redox Biology. 2015; 4: 193—199.

[130] Ulker OC, Panieri E, Suzen S, Jaganjac M, Zarkovic N, Saso L.
Short overview on the relevance of microRNA-reactive oxygen
species (ROS) interactions and lipid peroxidation for modula-
tion of oxidative stress-mediated signalling pathways in cancer
treatment. The Journal of Pharmacy and Pharmacology. 2022;
74: 503-515.

[131] Gasparovic AC, Milkovic L, Sunjic SB, Zarkovic N. Cancer
growth regulation by 4-hydroxynonenal. Free Radical Biology
& Medicine. 2017; 111: 226-234.

[132] Serkova NJ, Gamito EJ, Jones RH, O’Donnell C, Brown JL,
Green S, et al. The metabolites citrate, myo-inositol, and sper-
mine are potential age-independent markers of prostate cancer
in human expressed prostatic secretions. The Prostate. 2008; 68:
620-628.

[133] Guéraud F. 4-Hydroxynonenal metabolites and adducts in pre-
carcinogenic conditions and cancer. Free Radical Biology &
Medicine. 2017; 111: 196-208.

[134] Negre-Salvayre A, Garoby-Salom S, Swiader A, Rouahi
M, Pucelle M, Salvayre R. Proatherogenic effects of 4-
hydroxynonenal. Free Radical Biology & Medicine. 2017; 111:
127-139.

[135] Perkovi¢ MN, Milkovi¢ L, Uzun S, Mimica N, Pivac N,
Waeg G, et al. Association of Lipid Peroxidation Prod-
uct 4-Hydroxynonenal with Post-Traumatic Stress Disorder.
Biomolecules. 2021; 11: 1365.

[136] Coppede F, Armani C, Bidia DD, Petrozzi L, Bonuccelli U,

&% IMR Press


https://www.imrpress.com

Migliore L. Molecular implications of the human glutathione
transferase A-4 gene (hGSTA4) polymorphisms in neurodegen-
erative diseases. Mutation Research. 2005; 579: 107-114.

[137] Jomova K, Vondrakova D, Lawson M, Valko M. Metals, ox-
idative stress and neurodegenerative disorders. Molecular and
Cellular Biochemistry. 2010; 345: 91-104.

[138] QinZ,HuD,Han S, Reaney SH, Di Monte DA, Fink AL. Effect
of 4-hydroxy-2-nonenal modification on alpha-synuclein aggre-

&% IMR Press

gation. The Journal of Biological Chemistry. 2007; 282: 5862—
5870.

[139] Butterfield DA, Bader Lange ML, Sultana R. Involvements of
the lipid peroxidation product, HNE, in the pathogenesis and
progression of Alzheimer’s disease. Biochimica et Biophysica
Acta. 2010; 1801: 924-929.

[140] Reed TT. Lipid peroxidation and neurodegenerative disease.
Free Radical Biology & Medicine. 2011; 51: 1302-1319.

17


https://www.imrpress.com

	1. Introduction 
	2. The 4-HNE in the Course of COVID-19 and the other Infectious Diseases
	3. The free 4-HNE and 4-HNE-Protein Adducts in Autoimmune Diseases
	4. Association of 4-HNE with Cancer 
	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

