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Oxidative stress plays an important role in the development of aging-related diseases by accelerating the lipid peroxidation of
polyunsaturated fatty acids in the cell membrane, resulting in the production of aldehydes, such as malondialdehyde and
4-hydroxy-2-nonenal (4-HNE) and other toxic substances. The compound 4-HNE forms adducts with DNA or proteins,
disrupting many cell signaling pathways including the regulation of apoptosis signal transduction pathways. The binding of
proteins to 4-HNE (4-HNE-protein) acts as an important marker of lipid peroxidation, and its increasing concentration in brain
tissues and fluids because of aging, ultimately gives rise to some hallmark disorders, such as neurodegenerative diseases
(Alzheimer’s and Parkinson’s diseases), ophthalmic diseases (dry eye, macular degeneration), hearing loss, and cancer. This
review aims to describe the physiological origin of 4-HNE, elucidate its toxicity in aging-related diseases, and discuss the

detoxifying effect of aldehyde dehydrogenase and glutathione in 4-HNE-driven aging-related diseases.

1. Introduction

Aging is a natural phenomenon that all humans undergo,
and delaying this process is a major challenge faced by the
scientific community. Based on the research on aging
mechanisms, mitochondria-derived free radicals are consid-
ered to play an important role in the process of cell senes-
cence and the development of aging-related diseases. These
mitochondria-derived free radicals include reactive oxygen
species (ROS) [1], such as superoxide radicals (O,"),
H,0,, and OH’, as well as several reactive nitrogen species

(RNS) [2]. An in vivo imbalanced ratio of antioxidant
enzymes to ROS/RNS triggers an oxidative stress condition
that consequently leads to oxidative protein modification
[3], DNA damage due to altered methylation processes [4],
and lipid peroxidation (LPO) of the cell membrane, thereby
affecting cell proliferation, differentiation, apoptosis, and its
related signal pathways. LPO of cellular membranes pro-
duces many secondary products, such as aldehydes and
other toxic substances. Aldehydes, among which 4-HNE is
the most toxic form, can accelerate the damage caused by
oxidative stress. This mechanism of toxicity is primarily
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attributed to the binding of 4-HNE to protein, which inacti-
vates some antioxidant enzymes and further aggravates oxi-
dative stress, and ultimately apoptosis. Moreover, in a state
of oxidative stress, cholesterol is another lipid compound
that is susceptible to ROS attack which gives rise to an
extensive series of molecules, termed oxysterols (7-ketocho-
lesterol, 7f3-hydroxy-cholesterol, 5a,6a- and 5p,6f-epoxy-
cholesterol, and cholestan-3,5a,63-triol) [5, 6]. These
damaging compounds can trigger the development of senile
and neurodegenerative diseases [7] (such as Alzheimer’s dis-
ease [AD], Parkinson’s disease [PD], Huntington’s disease
[HD], and amyotrophic lateral sclerosis [ALS]), immune
diseases, tumors [8], hearing loss [9], cardiovascular diseases
(such as coronary heart disease [10]), and ophthalmic dis-
eases (such as macular degeneration [11] and dry eye [12]).

With the recent technological advances such as the
omics approach for redox proteins and detection of ROS-
modified protein targets, clinical researchers can now better
understand the mechanism of oxidative stress and aging-
related diseases in the human body [13, 14]. Furthermore,
improved 4-HNE-targeted detection technology and the
application of multifunctional naturally occurring antioxi-
dants have provided new research impetus for the treatment
of 4-HNE-related oxidative stress diseases [15]. To date,
antioxidants targeting the scavenging oxygen-free radicals
have been identified to prevent the harmful effects due to
oxidative stress. Aldehyde dehydrogenase (ALDH) and glu-
tathione (GSH) have shown significant antioxidant effects
on age-related diseases caused by ROS; hence, it is necessary
to comprehensively explore the therapeutic potential of
ALDH and GSH through in-depth experimental and clinical
research [16-18]. The purpose of this review was to explain
the physiological origin of 4-HNE, summarize its toxicity
effects in aging-related diseases, and highlight the detoxifica-
tion effects of GSH and ALDH.

2. Lipid peroxidation

In addition to ROS, lipids can be oxidized by enzymes like
lipoxygenases, cyclooxygenases, and cytochrome P450. In
particular, ROS are highly reactive and can rapidly react
with lipids, proteins, and nucleotides. The accumulation of
cellular ROS under oxidative stress conditions results in
the induction of LPO and glycoxidation reactions, leading
to the elevated endogenous production of reactive aldehydes
and their derivatives such as glyoxal, methylglyoxal (MG),
malondialdehyde (MDA), and 4-hydroxy-2-nonenal (4-
HNE), which ultimately lead to advanced lipoxidation and
glycation end products (ALEs and AGEs, respectively [19,
20]. MDA is the most mutagenic byproduct of LPO, whereas
4-HNE is the most toxic. Membrane phospholipids contain-
ing a large number of polyunsaturated fatty acids (PUFAs)
are easily attacked by ROS and undergo LPO due to oxida-
tive stress. Moreover, elevated intracellular iron concentra-
tion and a depletion of antioxidant GSH both increase
ROS levels, consequently leading to ferroptosis, a form of
cell death due to overwhelming membrane LPO [21-23].
LPO reactions in biofilms mainly occur through enzymatic
and nonenzymatic pathways, whereby the nonenzymatic
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pathway is divided into two mechanisms: LPO mediated by
either non-free radicals or free radicals [21]. In recent years,
free radical-mediated nonenzymatic LPO has become the main
focus of research on aging-related diseases because it leads to
the formation of many secondary products, such as aldehydes,
malondialdehyde, 4-HNE, and acrolein [24]. Because of their
high reactivity and toxicity to the biological components of
cells, these substances have attracted significant attention.
Among them, 4-HNE is the most extensively researched, is fre-
quently used as an oxidative stress marker [25, 26], can be used
with oxysterols to assess oxidative stress [27, 28], and has been
associated with the pathogenesis of cancer [29, 30], neurode-
generative diseases [31], diabetes [32], and other diseases.

3. 4-Hydroxy-2-nonenal

3.1. Sources of 4-HNE. The aldehyde compound 4-HNE is
highly reactive and forms adducts with cellular proteins
and DNA. It is also an effective signal molecule that regu-
lates the mitogen-activated protein kinase (MAPK) pathway
and the activity of redox-sensitive transcription factors
(nuclear factor erythroid 2-related factor 2 [Nrf2], activating
protein-1 [AP1], and NF«B) [33], and influences several key
signaling pathways, including the MAPK pathway, Jnk, and
p38, PKC-f and §, and Nrf2 [34].

A dyshomeostasis in ROS leads to the oxidative stress reac-
tion of PUFAs, which can be divided into nonenzymatic and
enzymatic pathways, as shown in Figure 1. In the nonenzy-
matic pathway, after a series of reactions, PUFAs produce lipid
hydroperoxide (LOOH), 15-hydroperoxyeicosatetraenoic acid
(15-HpETE), or 13-hydroperoxy-linoleic acid (13-HpODE),
followed by the participation of transition metals, Hock rear-
rangement, and C-C — C-H migration. Then, alkanaldehyde,
alkenaldehyde, and y-alkenaldehyde are formed after fracture,
and finally, 4-HNE is produced [34]. In the enzymatic pathway,
according to the oxidized fatty acid (i.e., its length, number, and
position of double bonds), the oxidation products are different
in length, unsaturation, and substitution number, resulting in
different secondary products. Fatty acids can be divided into
two types according to the position of the first double bond
from the methyl end: w-3 and w-6 fatty acids, which affect
the possible position of cleavage and the corresponding cleav-
age products. The compound 4-HNE is mainly produced by
the precursor substances, w-6PUFAs (linolenic acid, y-linolenic
acid, and arachidonic acid) through 15-lipoxygenase (15-LOX)
[35]. w-3-PUFAs, including alpha-linolenic acid, eicosapentae-
noic acid, and docosahexaenoic acid, can also be cleaved to pro-
duce many reactive aldehydes. Moreover, arachidonic acid can
be oxidized by cyclooxygenase-2(COX-2) to reactive carbonyl
compounds such as 4-oxo-2-nonenal, 4-hydroperoxy-2-none-
nal, 4-hydroxy-2E, 6Z-dodecadienal, and trans-4-HNE [36].
Among these secondary products of aldehydes, 4-HNE is
undoubtedly the most studied and is considered a useful bio-
marker for LPO [37].

3.2. Characteristics of 4-HNE. 4-HNE is considered one of
the major mediators of oxidative stress in cells and tissues,
that collectively lead to cell senescence by affecting the
expression of various senescence-related signaling pathways
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[38] (such as NF-xB, Nrf2, Akt/PKB, and mTOR), as shown
in Figure 2. The combination of the two conjugated func-
tional groups of 4-HNE, the carbonyl group (-C=0), and a
double bond (C2/C3, -C=C-) facilitates the reaction of 4-
HNE with biological molecules (including lipids, nucleic
acids, and proteins) [39]. A mass spectrometry-based prote-
omic analysis of oxidative stress found that the electrophilic
double bond and nucleophilic amino acid residues on pro-
teins enable 4-HNE to form Michael adducts with lysine
(Lys) [40], histidine (His) [41], and cysteine (Cys) [42] resi-
dues to increase the molecular masses of these amino acids
by 156Da (the molecular mass of HNE), or form Schiff-
base adducts with its aldehyde group and Lys to an increase
in the mass by 138 Da (Schiff-base formation with a net loss
of water) [43, 44]. Moreover, the research of proteomic anal-
ysis of in vitro histone carbonylation sites showed that
Schiff-base modification is labile and reversible, while that
of Michael adducts are stable and non-reversible [45]. The
Michael adducts can remain in cells for several hours before
degradation, leading to the dysfunction of the targeted bio-
molecules. Therefore, the detection of HNE-biomolecular
adducts is considered a valuable tool for evaluating various
pathophysiological conditions associated with aging-related
diseases.

4. Oxidative Stress, ALDH, and GSH

The human genome contains 19 known functional aldehyde
dehydrogenase (ALDH) genes that are required for the
biosynthesis of retinoic acid (RA) and other functional cellu-
lar or molecular regulators [46]. Previous mouse transplan-
tation studies have demonstrated the role of ALDH as a
molecular marker for hematopoietic stem cells (HSCs) and
leukemic stem cells (LSCs). ALDH2 is the most active
ALDH consisting of 517 amino acids to form 456 kDa sub-
units, each containing three domains. Recent studies have
shown that ALDH2 plays a role as a stem cell marker and

regulates cell functions related to self-renewal, expansion,
differentiation, and resistance to drugs and radiation [47].
Moreover, ALDH is a key enzyme for the detoxification of
endogenous and exogenous aldehyde substrates through
NAD(P)" dependent oxidation [48]. ALDH2 plays a role
in the oxidative metabolism of toxic aldehydes in the brain,
such as catecholaminergic metabolites (DOPAL and DOPE-
GAL) and 4-HNE [49].

Glutathione (GSH) is one of the most abundant low-
molecular-weight mercaptans synthesized in cells. It is syn-
thesized by adding Cys to glutamic acid and glycine. It plays
a vital role in protecting cells from oxidative damage and
toxicity of xenophilic reagents, as well as in the maintenance
of redox homeostasis [50]. Lipids are one of the main sub-
strates of glutathione-related protein (GSTM2), which can
induce young cells to combine with 4-HNE, thereby reduc-
ing the content of 4-HNE in the liver, kidney, and serum
of old mice [51]. Therefore, GSH plays a role in preventing
aging-related diseases.

5. Physiological Role and Pathological
Implications of Oxidative Stress derived 4-
HNE

Oxidative stress leads to the production of LPO, which is one
of the main sources of free radical-mediated damage that
leads to the production of many secondary aldehydes, such
as 4-HNE, 4-hydroxydodeca-(2E, 6Z)-dietary (4-HDDE),
and 4-hydroxy-2E-hexenal (4-HHE) [52]. The mammalian
brain is a highly oxidized organ [53], and PUFAs and
relatively weak antioxidant defenses [54] render the brain
vulnerable to free radical oxidative stress. Aging brain often
has enhanced free radicals and decreased bioenergy [55].
Studies have shown that oxidative damage mediated by free
radicals is closely related to the pathogenesis of aging-related
neurodegenerative diseases [56-58]. The compound 4-HNE
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FIGURE 2: Summary of 4-hydroxy-2-nonenal (4-HNE) involvement
in an aging-related signaling pathway. 4-HNE leading to NF-«B,
Nrf2, and mTOR pathway activation, and inhibiting AKT/PKB
pathway activity.

and the 4-HNE-protein complex are often detected in
patients diagnosed with neurodegenerative diseases. Studies
have shown that patients with AD, PD, HD, or ALS have
increased levels of 4-HNE-protein adducts in their body
fluid [59-61]. The 4-HNE-protein adducts can induce auto-
immunity, and may be associated with the development of
neurodegenerative diseases [62, 63]. Wang et al. [64] found
a significant increase in anti-4-HNE-protein adduct anti-
body levels in MRL*/" mice treated with trichloroethylene.

5.1. Oxidative Stress-derived 4-HNE and Alzheimer’s disease
(AD). AD is a neurodegenerative disease with heterogeneous
clinical symptoms, usually manifested as language, visuospa-
tial, and executive dysfunctions [65]. Previous studies have
suggested that AD is mainly caused by the amyloid plaques
of amyloid-f (Af). However, all strategies and compounds
for inhibiting A deposition have failed in clinical trials
[66], and the area with the highest deposition of A does
not coincide with the area with formation of neurofibrillary
tangles (NFTs) and acute loss of synapses and neurons.
Therefore, current focus of research has shifted to the hyper-
phosphorylated tau protein, which is affected by many path-
ological factors (such as abnormal activation of kinase,
abnormal gene expression, and chronic stress), which is clin-
ically known to cause excessive aggregation of NFTs [67].
There is also evidence that the brain tissue of AD patients
is affected by toxic substances such as peroxides, alcohol,
aldehydes, free carbonyls, and ketones produced by LPO
due to oxidative stress. After the A peptide is inserted into
the neuronal lipid bilayer, it undergoes peroxidation to pro-
duce 4-HNE, which then covalently binds to the key neuro-
nal membrane and cytosolic and mitochondrial proteins
through a Michael addition reaction, leading to functional
disorders of key neuronal proteins, neuronal death, and loss
of cognitive ability [68].

The main neuronal protein binding sites for HNE are
Lys, His, and Cys residues [69]. ApoE expression regulation
and ApoE gene polymorphism play important roles in
neurodegenerative diseases such as AD and PD, and other
diseases [70]. The protein apoE2 has two Cys residues that
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can bind to 4-HNE, which can prevent neuronal protein
damage. However, both Cys residues of ApoE4 could be
replaced by arginine (Arg) residues, resulting in no 4-HNE
binding to neuron proteins and leading to a cascade of
events such as A3 fibril deposition, A oligomer production,
neurofibril tangle formation, neuronal death, decreased syn-
aptic plasticity associated with learning and memory, asym-
metric lipid bilayer composition, loss of lipid homeostasis,
and oxidative stress, which collectively increases the risk of
AD [71, 72].

5.1.1. ALDH and AD. A previous study [73] showed that
accumulation of 4-HNE adducts, Af protein, and p-tau pro-
tein increased significantly in the hippocampus of ALDH2"
mice, indicating that ALDH?2 significantly affected the AD
process in mice. Joshi et al. [74] found that aldehyde
dehydrogenase-2 deficiency (ALDH2%2) reduced the clear-
ance of toxic aldehydes, resulting in additional ROS produc-
tion, followed by aldehyde addition to mitochondrial
proteins, leading to mitochondrial dysfunction, ATP deple-
tion, and ROS accumulation. These pathological changes in
neurons and astrocytes lead to neuroinflammation, which
affects the ability of glial cells to remove cell fragments.
Therefore, activating ALDH2#2 and increasing ALDH2-
related compounds, such as Alda-1 (an activator of ALDH2
and ALDH2%2), could be a potential therapeutic approach
to slow down AD pathogenesis.

5.1.2. GSH and AD. As an important cellular antioxidant,
GSH balances the production and binding of free radicals
and protects neurons from oxidative damage. It was
observed that the level of GSH and the proportion of GSH/
GSSG decreased in APPN-SFNLGF jce  After oral admin-
istration of GSH3, GSH levels increased in a dose-dependent
manner and restored the ratio of GSH/GSSH. Concurrently,
the level of 4-HNE in the mouse hippocampus decreased
significantly [75], indicating that GSH can arrest the patho-
genesis of AD by eliminating the toxic aldehyde, 4-HNE.

5.2. Oxidative Stress-derived 4-HNE and Parkinson’s disease
(PD). PD is a major neurodegenerative disease. It is
characterized by motor symptoms such as tremor, stiffness,
muscular rigidity, and postural instability; and a series of
non-motor symptoms, including autonomic and cognitive
dysfunction [76]. The hallmark pathological features of PD
are loss of dopaminergic neurons in the substantia nigra pars
compacta (SNc¢) [77] and abnormal amyloid accumulation
of misfolded a-synaptic protein (a-syn) in the formation of
inclusions called Lewy bodies [78]. Studies have shown that
the causes of dopaminergic neuronal death include impaired
mitochondrial function [79] and dysbiosis of gut microbiota
(imbalanced intestinal flora) [80].

Evidence has shown that high levels of oxidative stress in
the SNc region of normal brain could be the triggering factor
for a series of biochemical changes that lead to the death of
dopaminergic cells. The early compensatory changes in
dopamine caused by the degeneration of substantia nigra
cells was found to increase oxidative stress and 4-HNE accu-
mulation [81]. 4-HNE may affect PD in two main pathways.
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First, the complex formed following covalent modification of
a-syn by 4-HNE (4-HNE/a-syn) tends to form more oligo-
mers and fibrils than the simple a-syn, subsequently forming
amyloid fibers that increase the toxicity to dopaminergic
neurons [61, 82]. Zhang et al. [83] found that in neurons
exposed to 4-HNE, the immunoreactivity of a-syn aggre-
gates in whole neurites and cell bodies of different sizes,
indicating that 4-HNE can induce the aggregation of a-syn
in primary cortical neurons of rats.

The second pathway involves the destruction of the
ubiquitin-proteasome system (UPS) by 4-HNE. UPS partic-
ipates in the degradation of “bad” proteins related to dam-
age, death, and modification by oxidation products such as
4-HNE [84]. However, the chemical structure, stability,
and function of ubiquitin may be damaged by 4-HNE mod-
ification, thereby increasing cytotoxicity and affecting the
process of PD. It was reported that 4-HNE can bind to the
26S proteasome [85], lead to the non-degradation of “bad”
proteins and the accumulation of 4-HNE-protein com-
plexes, hence affecting the pathology of PD. Additionally,
some studies have shown that in addition to the direct
relationship between 4-HNE/a-syn and dopaminergic trans-
mission changes, 4-HNE can directly affect dopamine trans-
mission by acting on dopamine receptors [86] and promotes
the pathogenesis of PD.

5.2.1. ALDH and PD. To verify the role of 4-HNE and other
biogenic aldehydes in impaired detoxification homeostasis
that leads to the pathogenesis of PD, Wey et al. [87] estab-
lished an Aldhlal-/—x Aldh2—/— mice PD model. The
results of gait analysis and the accelerated rotation rod test
indicated age-dependent motor performance defects: a sig-
nificant decrease in the number of neurons immunoreactive
to tyrosine hydroxylase (TH) in the substantia nigra, a
decrease in dopamine and metabolites in the striatum, and
an increase in neurotoxic bioaldehydes such as 4-HNE.
These results support the hypothesis that damage to biolog-
ical aldehyde detoxification mechanisms affects the patho-
physiology of PD. Another study [88] determined the role
of aldehyde dehydrogenase 1A1 (ALDHI1AI) in mediating
4-HNE toxicity in PC12 cells using excessive ALDHI1ALl
and ALDH inhibitor disulfiram. Results showed that
ALDHI1A1 was downregulated in the brain tissue of patients
with PD, 4-HNE toxicity was elevated, and ALDH activity
was negatively correlated with the content of 4-HNE-protein
adducts. Therefore, it is considered that the ALDHI1ALl
activator has a neuroprotective effect on patients with PD by
reducing the content of 4-HNE-protein and inhibiting cyto-
toxicity [89, 90].

5.2.2. Glutathione (GSH) and PD. Brain GSH levels in
patients with PD are decreased, and the dopamine D2 recep-
tor (DRD2) in astrocytes can regulate the synthesis of GSH
through pyruvate kinase isozyme type M2 (PKM2)-medi-
ated transactivation of Nrf2. In addition, pyridoxine can
dimerize PKM2 to promote GSH biosynthesis [91]. Further
experiments showed that pyridoxine supplementation
increased the resistance of dopaminergic neurons in the sub-
stantia nigra to neurotoxicity in wild-type mice and astro-

cyte DRD2 conditional knockout mice. Thus, PKM2 may
be a potential target for PD treatment.

5.3. Oxidative Stress derived 4-HNE and Cancer. ROS are
involved in cancer-related cellular processes, such as prolif-
eration, apoptosis, differentiation, cell migration, and DNA
damage [92, 93]. However, due to their short half-lives, the
carcinogenic effects of ROS are limited to the areas adjacent
to their production. Nevertheless, the secondary product of
LPO, 4-HNE is known to exert more complex carcinogenic
effect on cell activity.

The carbonyl group on Cl1, the double bond carbon at
the C3-C4 site, and the electron-absorbing hydroxyl group
on C4 in 4-HNE further aggravate the electrophilicity of
C3, which makes it easy for C3 to covalently bind to the pri-
mary amine of amino acid residues to form a Schiff-base
modification [45]. The Schiff base produced by the covalent
binding of 4-HNE-Lys forms a very stable pyrrole com-
pound after cyclization. Pyrrole and its derivatives exhibit
significant anticancer activities [94]. Therefore, 4-HNE can
spread from the site of origin, change the structure and func-
tion of a corresponding protein, and lead to carcinogenesis.
DNA damage plays an important role in mutagenesis, carci-
nogenesis, aging, and other pathophysiological conditions.
4-HNE can covalently bind to DNA, affecting the genomic
function of normal cells, leading to carcinogenesis [95]. In
addition to its direct cytotoxicity, 4-HNE is involved in reg-
ulating cellular signaling pathways, especially the Nrf2/
Keapl/ARE pathways [96, 97]. Studies have shown that the
distribution of 4-HNE in squamous cell carcinoma depends
on the clinical stage and histological grade of these tumors
[98]. Immunohistochemical analysis showed that the expres-
sion levels of 4-HNE in well, moderately, and poorly differ-
entiated prostate cancer (PCa) were significantly higher than
those in benign prostatic hyperplasia (BPH) tissue [99].
Therefore, the expression of 4-HNE is related to the grade
of prostate cancer, making it a potential new biological refer-
ence marker for the prognosis of prostate cancer.

4-HNE plays a contrasting role in promoting cancer
development and arresting tumor growth via upregulating
the metabolic pathway of RLIP76 detoxification in tumors
[96]. Low levels of 4-HNE can increase the differentiation
markers of breast cancer stem cells (BCSCs). In contrast,
high levels of chronic 4-HNE increase the concentration of
GSH and Nrf2, hence increasing antioxidant protec-
tion [100].

5.3.1. ALDH and Cancer. ALDH is considered a reliable
marker of cancer stem cells (CSCs), which is widely used
to enrich CSC subsets from various cell lines and solid
tumors [101]. ALDH1 has three main isotypes, ALDH1AL,
ALDHI1A2, and ALDHI1A3, which are involved in self-
renewal, differentiation, and self-protection, and are markers
of normal tissue stem cells (SCs) and cancer stem cells
(CSCs) [48]. ALDH2 is a key enzyme that protects the heart
from oxidative stress by consuming 4-HNE, and the metab-
olism of ROS and 4-HNE is thought to be deeply involved in
cancer cell death. Hence, ALDH2 is considered to play an
important role in cancer treatment [102].



5.3.2. GSH and Cancer. The imbalanced redox homeostasis
leads to an increased ROS content in tumor cells and cell
death, which is an effective cancer treatment strategy.
Studies have shown that GSH depletion and biosynthesis
inhibition can reduce the concentration of GSH in cancer
cells and enhance the therapeutic effect of photodynamic
therapy (PDT) in cancer patients [103]. Moreover, the
increased expression of GSH can protect cells from 4-HNE-
induced cell damage and reduce cancer risk. It was reported
that homocysteine (Hcy) induced the expression of Nrf2 pro-
tein and increased the expression of glutathione in HepG2
cells in a concentration-dependent manner, indicating that
Hcy can induce GSH expression and mediate the antioxidant
transcription factor Nrf2 to protect HepG2 cells from damage
induced by the LPO secondary product, 4-HNE [104].

5.4. Oxidative Stress-derived 4-HNE and aging-related
hearing loss (ARHL). ARHL results from various factors,
including aging, noise, ototoxic chemicals, heredity, epige-
netic variables, and lifestyle. ROS accumulation and oxida-
tive damage lead to abnormal cell function, damaged cell
vitality, and eventually lead to functional decline and aging
of the auditory system [105]. The compound 4-HNE is one
of the most abundant end-products of LPO, which can lead
to ARHL. A study showed that 4-HNE levels in aged deaf
mice were higher than those in the young control group
[106]. This is related to the decrease in spiral ganglion neu-
ron (SGN) density and the thickness of hair cells and vascu-
lar stria in the cochlea of aged mice. Additionally, sublethal
concentrations of H,0, induced ROS, which then led to
DNA damage. Following exposure to H,O,, mitotic cochlear
implant cells showed the key characteristics of senescent
cells, including significantly increased expression of p21,
p38, and p-p38, decreased expression of pl9 and BubRl,
and positive labeling of 3-galactosidase. It was suggested that
the DNA damage response induced by ROS drives the senes-
cence of cochlear cells and promotes the pathology of
ARHL [107].

5.4.1. GSH and ARHL. Glutathione transferase (GST), an
important detoxifying enzyme, protects cells by catalyzing
the binding of toxic compounds to reduced GSH. GSTA4
has a high catalytic effect on 4-HNE, and the combination
of GSTA4 and GSH is considered the most effective means
to eliminate 4-HNE. GSTA1 and GSTA2 can catalyze the
reduction of fatty acid hydrogen peroxide (FA-OOH) and
phospholipid hydrogen peroxide (PL-OOH), which are then
reduced to the corresponding alcohol oxidized glutathione
(GSSG) and water as by-products, thus preventing the for-
mation of 4-HNE. GSTA4 and GSTA5 combine 4-HNE with
GSH to form a GSH-4-HNE conjugate (GSH-4-HNE),
which is then eliminated by the transmembrane trans-
porters [9].

Cisplatin treatment was used to increase the level of 4-
HNE in SGNs of WT female mice and the activity of GSTA4
on 4-HNE in the cochlea. In female GSTA4”" mice, cisplatin
treatment increased the content of 4-HNE in cochlear neu-
rons. In CBA/CaJ mice, ovariectomy decreased the mRNA
expression of Gsta4 and the GSTA4 protein levels in the
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inner ear. Therefore, GSTA4-dependent detoxification may
play a role in estrogen-mediated neuroprotection [108].
Moreover, GSTA4-mediated 4-HNE detoxification may play
a role in protecting cochlear cell death, noise exposure, and
age-related hearing loss [106].

5.5. Oxidative Stress-derived 4-HNE, aging-related macular
degeneration (AMD), and dry eye. AMD is a disease that
affects the macular region of the retina and can lead to a
gradual loss of central vision. AMD is a multifactorial dis-
ease and its pathogenesis manifested as various disorders
of the complement system and lipids, angiogenesis, inflam-
mation, and extracellular matrix pathways [109]. Oxidative
stress-induced retinal pigment epithelium (RPE) damage is
considered a key factor in AMD pathology. Continuous
exposure to oxidative stress in RPE cells can lead to the accu-
mulation of damaged cellular proteins, lipids, nucleic acids,
and organelles, including mitochondria [110], which aggra-
vates AMD symptoms. RPE is rich in lipids, has high meta-
bolic needs, is prone to LPO that accumulates 4-HNE, which
made 4-HNE an ideal AMD retinal biomarker. Additionally,
4-HNE can induce apoptosis, lysosome imbalance, and lipo-
fuscin production in RPE by activating a variety of mole-
cules, such as NF-xB, p53, Caspase-3, and NOX4, thus
destroying the self-repair function of photoreceptor cells
and causing AMD [111].

Oxidative stress and subsequent chronic inflammatory
mediators can lead to the death of RPE cells, which is a ther-
apeutic target for AMD. However, the molecular mechanism
underlying the link between oxidative stress and inflamma-
tion remains unclear. A cytokine array was used to evaluate
cytokine production in RPE induced by 4-HNE [112].
Molecular analysis confirmed that 4-HNE induced the pro-
duction of IL-6, IL-1, and TNF-« by promoting the extracel-
lular outflow of HSP70 and induced the production of low
concentrations of IL-10 and TGF-p, thus playing a pro-
inflammatory role in RPE cells.

Epidemiological studies have shown that the incidence
of xerophthalmia increases with age, indicating an associa-
tion with aging. In a dry eye model caused by continuous
exposure to low humidity airflow for 30 days, the immuno-
reactive immune stress marker 4-HNE was found to increase
with increased fluorescence, a clinical feature of epithelial
lesions. In patients with xerophthalmia, it was found that
the expression of the lipid peroxide marker 4-HNE on the
surface membranes of eye increased compared to patients
without xerophthalmia [113], suggesting that xerophthalmia
is associated with an increased level of 4-HNE, a secondary
product of oxidative stress.

5.5.1. ALDH and AMD. A new model of RPE degeneration
in vivo was established using spermidine as an inducer.
Spermidine (20-30 nmol/eye) could destroy retinal electro-
physiology and barrier function, causing degeneration of
the retinal pigment epithelium and photoreceptors. On the
7th day after using ALDH (1.5 U/eye), the increase in per-
meability of blood-retinal barrier (BRB) induced by spermi-
dine and the degeneration of RPE and photoreceptors were
significantly inhibited. In addition, an acrolein-modified
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FIGURE 3: Role of 4-HNE in aging-related diseases. AD and PD: 4-HNE induces protein aggregation, abnormal aggregates of Af forms SP,
and hyperphosphorylation of tau protein to form NFTs, which eventually leads to AD; aggregates of a-synuclein form Lewy body-like
inclusions leading to PD. ARHL: 4-HNE (1) causes DNA damage; (2) increases p21, p38, and p-p38 activity; (3) reduces p19 and BubR1
activity. Cancer: 4-HNE (1) causes DNA damage; (2) affects protein function; (3) directly modifies cysteine residues (Cys 513, 518) on
KEAP1, thus leading to KEAP1/Nrf2 pathway activation and increases the expression levels of Nrf2-ARE target genes, thus, activating
the antioxidant-related pathways to influence cancer progression. AMD: 4-HNE (1) causes DNA damage; (2) activates NF-«B, p53,
Caspase-3, and NOX4 activity, thereby, inducing retinal pigment epithelium (RPE) apoptosis.

protein immunoassay was performed in RPE cells injected
with spermidine. Results showed that ALDH could signifi-
cantly inhibit oxidative stress-induced RPE degenera-
tion [114].

5.5.2. GSH and AMD. Cigarette smoking is the most impor-
tant environmental risk factor for the occurrence of AMD,
and damage to the RPE may be the cause of AMD. Exposure
of RPE cells to cigarette smoke extract (CSE) or hydroqui-
none (HQ) leads to oxidative damage and apoptosis, charac-
terized by cell size reduction and nuclear condensation.
Evidence of oxidative damage also includes increased LPO
(4-HNE) and mitochondrial superoxide production, and
decreased intracellular GSH. Moreover, exogenous adminis-
tration of the antioxidant GSH prevents oxidative damage of
the RPE induced by cerebrospinal fluid [115].

5.6. Other Diseases linked to 4-HNE. The aldehyde com-
pound 4-HNE forms adducts with free amino and mercap-

tan groups of proteins in the blood vessels causing the
accumulation of 4-HNE adducts, which gradually leads to
cell dysfunction, tissue damage, and atherosclerosis-related
diseases. By forming the 4-HNE-apoB (apolipoprotein B)
adducts, 4-HNE deviates from the low-density lipoprotein
(LDL) metabolism involving scavenger receptor pathway of
macrophages to the formation of foam cells, thus promoting
atherogenesis. The 4-HNE adducts accumulate in the lipid
necrotic core of advanced atherosclerotic lesions and
may locally participate in macrophage and smooth mus-
cle cell apoptosis, resulting in plaque instability and rup-
ture, thus increasing the risk of atherosclerotic thrombosis
events [116].

Immunohistochemistry and confocal immunofluores-
cence studies showed that 4-HNE-His adducts accumulated
in the intima, media, and adventitia of the human aorta in
an age-related manner and were mainly expressed in the
smooth muscle cells. Therefore, the secondary product of
LPO, especially 4-HNE, plays a complex role in elastin
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TaBLE 1: Pharmacological measures of 4-HNE detoxification.
Disease Protein Detoxification Reference
apoE (Cys) apoE (Cys)-4-HNE prevents neuronal protein damage [70-72]
AD Alda-1 Activate ALDH2 and ALDH2x2 [74]
GSH Eliminate the toxic aldehyde [75]
D ALDHA1 Reduce the content of 4-HNE-protein and inhibiting cytotoxicity [89, 90]
PKM2 Regulate the synthesis of GSH [91]
High levels of 4-HNE increase GSH and NRF2 [100]
ALDH2
Cancer Consume 4-HNE [102]
Hcy Induce GSH mediate Nrf2 protect HepG2 [104]
ARHL GSTA1, GSTA2 Prevent 4-HNE formation [9]
GSTA4, GSTA5 GSH-4-HNE [9]
AMD ALDH Inhibit retinal epithelial degeneration [114]
GSH Prevent oxidative damage of RPE [115]

homeostasis, vascular wall remodeling, and atherosclerosis
during aging [117].

Rossin et al. [118] found that 4-HNE and oxysterols
exert their action intracellularly, by altering the redox
balance of normal cells and activating antioxidant response
signals. 4-HNE induces the cell signaling pathways of prolifer-
ation and survival which drive cells towards tumor resistance,
developing colorectal cancer (CRC) and Inflammatory Bowel
Disease (IBD).

6. Conclusions

Toxic aldehydes such as 4-HNE, produced via LPO due to
the accumulation of ROS, play an important role in the
development of aging-related diseases (Figure 3 and
Table 1). 4-HNE can covalently bind to the membranes of
key neurons that leads to the formation and aggregation of
neurofibrillary tangles, and ultimately results in neuronal
protein dysfunction, death, cognitive impairment, language
disorders, and other neurodegenerative symptoms that col-
lectively aggravate the risk of AD and PD. The electrophilic-
ity of C3 in 4-HNE causes 4-HNE to constitutively bind to
proteins and DNA, and this tendency leads to the compro-
mised genome and protein function that gives rise to tumor-
igenesis and pathogenesis of various aging-related diseases.
Evidently, the accumulation of 4-HNE-protein adducts
in vivo affects the regulation of Nrf2/Keapl/ARE signaling
pathways. This review also found that the toxic effect of 4-
HNE on lipoprotein is related to the formation of atheroscle-
rosis, and its response to collagen may be the cause of
cardiovascular tissue sclerosis. 4-HNE can activate various
molecules, such as NF-x¥B and NOX4, to induce RPE
apoptosis, lysosomal imbalance, and lipofuscin production,
resulting in photoreceptor cell destruction and consequently,
age-related visual impairment such as AMD. Studies have
found that ALDH and GSH pathways have a potential
detoxification effect on toxic aldehydes by delaying the
development of aging-related diseases caused by 4-HNE.

Therefore, 4-HNE may be a potential target for clinical
therapy aiming at delaying aging-related diseases.
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