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Abstract
This article addresses the possible use of malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE) as biomarkers in the

tears for diagnosis, determining disease severity, and monitoring the effect of treatment for dry eye disease (DED), a disease
which is highly prevalent and heterogeneous with an incompletely understood pathogenesis and limited therapeutic options.
The current diagnosis and classification of severity of DED is a mostly subjective process with no consistent objective
markers of disease, so the identification of novel biomarkers could improve patient care as well as lead to a better
understanding of the disease pathogenesis and discovery of new treatments. This review is the first to compare the results
of studies of markers of oxidative stress MDA and 4-HNE in DED and other ocular diseases to more comprehensively
explore the potential for the use of MDA and 4-HNE as biomarkers for DED. The role of oxidative stress in DED is reviewed
and then the evidence of their association with DED and other ocular diseases. Overall, previous studies indicate a promising
potential for the use of tear MDA and 4-HNE as biomarkers for DED that should be explored with further research.
Abbreviations: MDA: Malondialdehyde, HNE: Hydroxy-2-Nonenal, DED: Dry Eye Disease, ROS: Reactive Oxygen
Species, PUFA: Polyunsaturated Fatty Acids, L: Lipid Radical, LOO: Lipid Peroxy Radical, LOOH: Lipid Peroxidation
Are Lipid Hydroperoxides, AA: Arachidonic Acid, TBA: Thiobarbituric Acid, HPLC: High-Performance Liquid
Chromatography, HCEC: Human Corneal Epithelial Cells, HEL: Hexanoyl-Lysine, GCD: Granular Corneal Dystrophy,
CSCR: Central Serous Chorioretinopathy, SS: Sjégren Syndrome, PS: Pterostilbene, PACG: Primary Angle-Closure
Glaucoma, AKC: Atopic Keratoconjunctivitis, VF: Visual Field, KC: Keratoconus, WAMD: Wet Age Related Macular

\Degeneration, dAMD: Dry Age Related Macular Degeneration, S: Supplementation )

//
Oxidative stress in ocular surface disease potentially damaging imbalance [1] with excess reactive
The ocular surface is particularly susceptible to damage from oxygen species (ROS), which are generated by partial
oxidative stress. Oxidative stress is defined as a state in which reduction of oxygen in normal metabolic processes of the cell
more pro-oxidants exist in a cell than antioxidants, creating a or by exogenous stressors [2]. When ROS are produced in
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excess of the antioxidants’ capability to rapidly catabolize
them, oxidative stress can harm the cell via nonspecific free
radical attack of biomolecules [1]. The ocular surface is at
particular risk of high levels of ROS from exogenous sources
due to its exposure to atmospheric oxygen and environmental
stressors like smoke, pollutants, and UV radiation. Tear fluid
contains protective antioxidants including ascorbic acid,
lactoferrin, uric acid, and cysteine, but when too much ROS
is generated, pro-oxidants overwhelm the antioxidants’
protective capacity and create a state of oxidative stress [2].
This oxidative stress can then feedback on itself by inducing
stress signalling that activates an inflammatory response that
can cause further damage and dryness of the eye as immune
cells invade the lacrimal gland, meibomian gland, and ocular
surface [3]. In addition to activating the inflammatory
response, ROS can themselves damage the ocular surface [4].
The ocular surface is made up of a specialized stratified
epithelium with a high density of mucin-producing goblet
cells, and resident immune cells [5]. The epithelium and
immune cells, including natural Killer cells, dendritic cells,
macrophages, CD4+ and CD8+ T cells, function as
antimicrobial defence for the exposed mucosa of the ocular
surface [5].

Oxidative stress has been found to play a role in ocular
conditions, including various diseases of the ocular surface
[6]. Oxidative stress has been studied and found to likely play
arole in the pathogenesis of pterygia [7] and granular corneal
dystrophy [8] by increasing signalling pathways for cellular
growth. In Fuchs endothelial corneal dystrophy, oxidative
stress causes corneal cell apoptosis [9]. Oxidative stress has
been proposed as one of the key contributors in the
pathogenesis of DED via inflammatory signalling and direct
damage to the ocular surface [3 5 10]. Stress signalling from
the epithelium and inflammation driven by the immune cells,
particularly autoimmune CD4+ T cells and dendritic cells,
has been shown to increase oxidative stress and is thought to
contribute to the pathogenesis of dry eye [5]. ROS have also
been shown to cause metaplasia and goblet cell loss in the
ocular surface [5] and damage the tear lipid layer [4], both of
which directly inhibit the ability of the eye to maintain a moist
surface. A new study has shown antioxidant therapy to be

effective at reducing the amount of ROS as well as the amount

of inflammatory cytokines and chemokines, macrophage
proinflammatory transformation, and cell apoptosis [11].
With promising antioxidant therapies being developed,
biomarkers that could potentially measure the clinical
efficacy of such treatments could play a crucial role in

revolutionizing the treatment of DED.

Need for objective markers for eye disease, such

as DED
Dry eye disease (DED) is a highly prevalent multifactorial

disease that results in symptoms of discomfort, visual
disturbance, and tear film breakup with potential damage to
the ocular surface [10]. The global prevalence of DED has
been reported to be between 5 and 35% [12]. DED can have
an adverse effect on overall quality of life by causing
discomfort and difficulty performing everyday activities,
which translates into significant economic burden, with the
total annual cost for the management of DED estimated to be
$3.84 billion in the United States [12].

DED can occur when there is insufficient tear production and
secretion or when there is excessive evaporation of the tear
film at the ocular surface, causing an unstable and
hyperosmolar tear film [13]. Changes in tear film can be
initiated by numerous intrinsic or extrinsic factors such as
systemic disease, infection, or environmental changes,
leading to an inflammatory cycle that is a known feature of
DED [5]. In this inflammatory cycle, dryness of the corneal
epithelium stimulates signalling pathways that activate
immune cell responses that include the production of matrix
metalloprotease, recruitment of inflammatory cells,
maturation of dendritic cells, and eventual T-cell response.
The immune response damages the corneal epithelium and
causes dysfunction and death of conjunctival goblet cells;
these changes further destabilize the tear film and amplify the
initial problem in a vicious cycle [3 5 10]. Inflammation has
been shown to induce the production reactive oxygen species
(ROS) which causes oxidative stress resulting in cell damage,
including the peroxidation of the cell membrane lipids [14].
Malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE)
are two lipid peroxidation products of oxidative injury [14].
Their presence has specifically been demonstrated in tears
from patients of DED [15 16].
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There is no definitive diagnostic test for DED. Current
diagnosis and assessment of DED involves largely subjective
measures that can be difficult to accurately measure or
quantitatively score. Multiple clinical assessments do exist to
examine the ocular surface and tear functional unit, but the
same assessments are not uniformly performed in a DED
workup and threshold values for distinguishing pathologic
DED are not clearly defined [15]. Furthermore, the
administration of tests like inserting the Schirmer test strip
can influence the amount or type of tears secreted, and other
tests like the corneal staining tests use scoring systems that
are subject to observer bias by the clinician [15]. While these
tests may generally allow for the diagnosis of DED, their
inconsistency makes determining disease severity and
effectiveness of treatment imprecise both in the clinic and in
clinical trials [16]. As defined by the FDA-NIH Joint
Leadership Council biomarkers are “a defined characteristic
that is measured as an indicator of normal biological
processes, pathogenic processes, or biological responses to an
exposure or intervention [they] may include molecular,
histologic, radiographic, or physiologic characteristics” [17].
Biomarkers are currently being used in a number of diseases
like cystic fibrosis (sweat chloride), diabetes (HbA1lc), and
chronic kidney disease (GFR) and are being developed for
others [17]. Biomarkers be used for accurate diagnosis,
classifying severity, and tracking the effectiveness of
experimental treatments because they provide an objectively
quantifiable metric for disease [18]. In this regards, tear levels
of MDA and 4-HNE have the potential to be objective
measurable biomarkers of DED to significantly improve the
prediction and diagnosis of DED as well as the monitoring of

patient responses to investigative therapeutic treatments.

MDA and 4-HNE as markers of oxidative stress
In measuring levels of oxidative stress, the direct
measurement of ROS is often difficult due to the short half-
life of ROS, so another approach is to measure stable
downstream products of oxidative stress like MDA and 4-
HNE [19-20]. Many markers of oxidative stress have been
proposed based on ROS-induced modification of existing cell
structures, including oxidation products of lipids (MDA, 4-
HNE, alkenals, F2-IsoPs), DNA (8oxodG, 5-chlorocytosine,

5-chlorouracil), proteins (AGEs, carbonils, 3-nitro-tyrosine,
Cl-tyrosine) [19]. MDA and 4-HNE are two of the most
widely studied markers of oxidative stress [19], with a review
of markers of oxidative stress rating MDA and 4-HNE as
having the highest level evidence based on their presence in
meta-analyses and large prospective studies compared to
other markers [18]. They have been identified as the most
cytotoxic breakdown products generated from lipid
peroxidation [21], making MDA and 4-HNE possibly more
clinically relevant markers than other products of oxidative
stress. Both MDA and 4-HNE are easily measured; however,
some methods of detection have been proposed to be too
unspecific and prone to artefacts [18 19].

Lipid peroxidation is the oxidative deterioration of
polyunsaturated fatty acids (PUFASs) [14] (figure 1). The
double bonds of PUFAs weaken C-H bonds on adjacent
carbon atoms, making them more susceptible to peroxidation
via allylic hydrogen atom abstraction or reactive species
addition [22]. The process of lipid peroxidation occurs via a
process of initiation, propagation, and termination. Initiation
most commonly occurs when a hydroxyl radical or
hydroperoxyl radical abstract allylic hydrogens from PUFAs
to form a carbon-centered lipid radical (Le). During
propagation, the lipid radical reacts with oxygen to form a
lipid peroxy radical (LOO¢*) which can then oxidize another
PUFA, creating a chain reaction until termination occurs via
an antioxidant pathway [14]. Peroxidized lipids have similar
effects in the cell as ROS, with low levels acting as signalling
molecules that can upregulate an adaptive stress response via
stimulation of antioxidant systems and intermediate and high
levels inducing cell damage and apoptosis [22].

While the main products of lipid peroxidation are lipid
hydroperoxides (LOOH),
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) are

secondary products of lipid peroxidation of omega-6 fatty

aldehydes including

acids [14]. Arachidonic acid (AA) is the most common
omega-6 fatty acid in the cell and therefore the main precursor
of MDA and 4-HNE [14]. MDA is formed when intermediate
lipid free radicals cyclize to form bicycle endoperoxides
which are then cleaved to MDA [14]. 4-HNE can be formed
by multiple radical-dependent pathways involving

hydroperoxides, alkoxyl radicals, epoxides, and fatty acyl
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crosslinking reactions [14]. AA is a phospholipid that makes
up cell and organelle membranes, so the presence of MDA
and 4-HNE signal both the general state of oxidative stress of
the cell as well as the specific damage to lipid membranes of
the cell [14]. Additionally, MDA and 4-HNE have adverse
effects on the cell. MDA has been found to be mutagenic [14],
and 4-HNE is highly reactive and toxic [22].

Lipid peroxidation products are widely used biomarkers of
oxidative stress, and MDA and 4-HNE are the most

commonly studied, with MDA levels being determined via its

reaction with thiobarbituric acid (TBA) and 4-HNE by high-
liguid chromatography (HPLC) [19].
systemic disease, MDA and 4-HNE have been measured in

performance In
many biological materials that include serum and urine as
markers of oxidative stress [23]. Lipid peroxidation products
have been used as biomarkers of oxidative stress in studies of
inflammatory disorders such as atherosclerosis, asthma,
rheumatoid arthritis [23], hypertension [24], cancer [25], and
SLE [26], among others.

Figure 1: Overview of the pathway leading to the product of MDA and 4-HNE and their potential as biomarkers for systemic and ocular
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MDA and 4-HNE: potential biomarkers for
DED
The widespread findings that MDA and 4-HNE levels are

significantly higher in the serum, tear samples, or cell
samples of many inflammatory conditions, specifically
including multiple ocular pathologies, indicate that MDA and
4-HNE levels could also be elevated in DED, a condition
thought to involve oxidative stress. Tables 1 and 2
summarize all the studies to date looking at MDA and 4-
HNE in DED and other ocular conditions. At this time, ex
vivo studies have appeared to confirm this relationship, and
limited in vivo studies have also suggested that MDA and 4-
HNE could be elevated in patients with DED.

Ex vivo studies of MDA and 4-HNE

Ex vivo studies using Human Corneal Epithelial Cells
(HCECs) have shown the relationship between a
hyperosmolar environment (like that seen in DED) and a state
of oxidative stress in the cell. The ex vivo nature of these
studies has allowed for both the direct measurement of ROS
as well as the measurement of downstream products of ROS,
including the lipid peroxide products MDA and 4-HNE. One
study established the correlation between an increasingly
hyperosmolar environment, ROS production, and oxidative
damage markers, including MDA and 4-HNE among others.
In this study, HCECs from donor limbal explants were
cultured in isosmolar (312 mOsM) or hyperosmaotic (350,
400, 350 mOsM) media and ROS and markers of oxidative
stress were measured using DCDFDA kit, RT-qPCR,
immunofluorescence, and immunohistochemical staining
[21]. Other similar studies have studied the effects of
antioxidants, including L-carnitine [27] and pterostilbene
[28], in reducing ROS and oxidative damage markers by
culturing HCECs in hyperosmolar (450 mOsM) medium. The
studies found that the presence of L-carnitine and
pterostilbene caused a decrease in ROS and in MDA and 4-
HNE. Furthermore, a study using HCECs has shown that the
presence of 4-HNE decreases the viability of HCECs, with
HCECs that were exposed to 4-HNE showing increased
levels of ROS and decreased cellular expression of
antioxidants and pro-inflammatory cytokines [29]. These ex
vivo studies suggest that oxidative stress could play a key role

in the pathogenesis of DED.

In vivo studies of MDA and 4-HNE in DED

Levels of MDA and 4-HNE in DED subjects have been
evaluated in a few clinical trials, all be it with limited number
of participants. One study looked at markers of oxidative
stress in patients with Sjogren’s syndrome, an autoimmune
condition that damages salivary and lacrimal glands leading
to symptoms of severe dry mouth and dry eye. This study
examined 31 eyes of 16 Sjogren’s syndrome patients and 15
eyes of 10 normal patients and found that a significantly
higher percentage of conjunctival cells from DED patients
stained positively for lipid oxidative stress markers 4-HNE as
well as hexanoyl-lysine (HEL) when tested using
immunohistochemical staining. In this study, 86.91 + 7.25%
of conjunctival cells from DED patient samples stained
positive for 4-HNE compared to 26.37 * 22.10% of
conjunctival cells from healthy controls [30]. A later study
examined patients with non-Sjogren syndrome DED to
measure lipid oxidative stress markers MDA, 4-HNE, and
HEL and their correlation to disease severity as measured by
the tear film break-up time, Schirmer test value, tear
clearance rate, Kkeratoepitheliopathy scores, corneal
sensitivity, conjunctival goblet cell density, and symptom
score. This study examined 44 DED patients and 33 control
patients for clinical signs and symptoms of DED and
collected tears for immunohistochemical analysis. The study
found a significant increase in the concentrations of MDA
and 4-HNE in the tears of non-Sjogren DED patients
compared to controls. The concentrations of MDA and 4-
HNE found in the tears of DED patients was found to be 13.32
+ 4.03 pmol MDA/mg and 0.2 + 0.03 pg 4-HNE/mL
compared to 3.80 = 4.03 pmol MDA/mg and 0.02 + 0.01 pg
4-HNE/mL in healthy controls. This study also found that
MDA and 4-HNE levels significantly correlated with tear
film break-up time, Schirmer test value, tear clearance rate,
keratoepitheliopathy scores, conjunctival goblet cell density,
and symptom score; the only score that did not correlate with

MDA and 4-HNE levels was corneal sensitivity [31].
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Table 1: 4-HNE in DED and other ocular diseases

Study description

Groups and
interventions

n

mean = SD

Conclusions

4-HNE in DED

In vivo studies

To investigate the expression of lipid | Tears from healthy control | 33 0.02 £0.01 pg/mL* (p < 4-HNE expression increases in the
peroxidation markers in the tear film | patients 0.01) tear film and ocular surface of
and ocular surface and their correlation patients with DED
with Qisease severity _in patients with ™= from  NSDED | 44 0.20 = 0.03 pg/mL * (p 4-HNE levels correlate with various
non-Sjogren dry eye disease (NSDED) patients <0.01) tear film and ocular surface
[31] parameters, may reflect the severity
of DED
To evaluate the levels of lipid oxidative | Conjunctival cell sample | 15 eyes | 26.37 + 22.10%* (p < A close relationship may exist
stress markers and inflammatory cells | from  healthy  control | (10 pts) | 0.0001) between reactive oxygen species
from tears and conjunctiva of patients | patients (% of corneal epithelial (ROS) production, lipid peroxidation
with Sjogren syndrome (SS) and cells staining positive related membrane damage, and
normal subjects [30] for HNE) inflammatory processes in dry eye
Conjunctival cell sample | 31 eyes | 86.91 + 7.25%* (p <
from SS patients (16 pts) | 0.0001)
In vitro studies
To explore the protective role and | HCECs in 312 mOsM 20.0%* (percentage of PS protects human cornea from
underlining mechanisms of | medium HCEC:s staining positive hyperosmolarity-induced
pterostiloene (PS) in prevention of for HNE) inflammation and oxidative stress
inflammatory injury in primary human [ HCECs in 450 mOsM 84.0%* Suggests protective effects of PS on
corneal epithelial cells (HCECs) under | medium dry eye
hyperosmotic stress, an in vitro dry eye [[HCECs in 450 mOsM 24.0%*
model [28]. medium with 10 uM PS
added
To determine if L-carnitine suppresses | HCECs in 312 mOsM ~1 (ratio of 4-HNE: B- L-carnitine protects HCECs from
inflammatory responses in HCECs | medium actin) oxidative stress by lessening the
through suppression of ROS-induced | HCECs in 450 mOsM ~4.3 declines in antioxidant enzymes and
oxidative damage in HCECs [27]. medium suppressing ROS production
HCECs in 450 mOsM ~1.8 L-carnitine reduces membrane lipid
medium with 20 uM L- oxidative damage markers and
Carnitine added mitochondrial DNA damage
To explore whether and how | HCECs in 312 mOsM ~0.15* (ratio of 4-HNE: Hyperosmolarity induces oxidative
hyperosmolarity induces oxidative | medium R-actin) stress in HCECs by stimulating ROS
stress markers in primary HCECs [21] ["HCECs in 400 mOsM ~0.35 production and disrupting the
medium balance of  oxygenases and
antioxidant enzymes
HCECs in 450 mOsM ~0.5* Hyperosmolarity causes cell damage
medium with increased oxidative markers in
membrane lipid peroxidation and
mitochondrial DNA damage
4-HNE in other ocular diseases
To investigate the influences of | Tear film at baseline 50 10.08 +3.07 pg/mL Smartphone use could aggravate
smartphone, use on ocular symptoms, - subjective symptom indices such as
status of the tear film, and oxidative ey ll) EHEE eI e 10.22 £3.03 pg/mL theJOSDI, VyAS‘? and CVS
stress indices in the tears and at the smartphone usage Smartphone use could induce tear
Tear film after 4hr | 50 10.54 +3.32 pg/mL . - .
ocular surface [39] film instability and oxidative stress
smartphone usage L
Control tear film baseline | 30 9.76 + 4.68 pg/mL IEEES U PSS L D Gl
surface.
Control tear film after 1hr | 30 9.64 +3.36 pg/mL
Control tear film after 4hr | 30 9.68 +2.30 pg/mL
To clarify the presence of oxidative | Serum of healthy control | 50 14.16 + 2.98 nmol/ml The serum 4-HNE concentrations

stress in patients with primary angle-
closure glaucoma (PACG) and to

patients

were increased in PACG patients, but
the differences with those of the
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investigate the relationship between | Serum of patients with | 50 15.25 + 3.28 nmol/ml healthy controls were not statistically
oxidative stress and PACG [36] PACG significant.
To evaluate the ocular surface lipid | Conjunctival cell sample | 18 eyes | 6.85 * 14.13%* (p < | e The ocular surface disease in AKC
oxidative stress status and | from healthy control | (9 pts) 0.0001) was characterized by marked tear
inflammation in atopic | patients instability, ocular surface epithelial
keratoconjunctivitis (AKC) patients damage, increase in inflammatory
and normal subjects [33] Conjunctival cell sample | 28 eyes | 74.71 + 17.15%* (p < infiltrates and presence of increased
from AKC patients (14 pts) | 0.0001) lipid oxidation.
Table 2: MDA in Ocular Disease
Study description Groups and interventions n mean = SD Conclusions
MDA in DED
In vivo studies
To investigate the expression of | Tear film of healthy control patients 33 | 3.80 £ 1.05 pmol/mg* | ¢  Expression of MDA increases in the
lipid peroxidation markers in the (p<0.01) tear film and ocular surface of
tear film and ocular surface and _ _ _ patients with dry eye
e corrlerfon et dfsmeem | LB film of patients with NSDED 44 | 13.32 +4.03 pmol/mg* e The levels correlate with various tear
severity in patients with non- (ER film and ocular surface parameters
Sjogren dry eye disease [31] and may reflect the severity of dry
eye disease.
In vitro studies
To explore the protective role and | HCECs in 312 mOsM medium 7.4%* (percentage of | ¢ PS protects human cornea from
underlining  mechanisms  of HCECs staining hyperosmolarity-induced
pterostilbene (PS) in prevention of positive for MDA) inflammation and oxidative stress
inflammatory injury in primary | HCECs in 450 mOsM medium 81.4%* e Suggests protective effects of PS on
HCECs under hyperosmotic _ _ _ dry eye
stress, an in vitro dry eye model HCECs in 450 mOsM medium with 29.6%*
28] 10 uM PS
To determine if L-carnitine | HCECs in 312 mOsM medium ~1* (ratio of MDA: B- | e  L-carnitine protects HCECs from
suppresses inflammatory actin) oxidative stress by lessening the
responses in HCECs through [ HCECs in 450 mOsM medium ~3.8* declines in antioxidant enzymes and
suppression of ROS-induced suppressing ROS production
oxidative damage in HCECs [27] e L-carnitine reduces membrane lipid
HCECs in 450 mOsM medium with =il oxidative damage markers and
20 uM L-Carnitine added mitochondrial DNA damage
To explore whether and how | HCECs in 312 mOsM medium ~0.45* (ratio of MDA: | e  Hyperosmolarity induces oxidative
hyperosmolarity induces B-actin) stress in HCECs by stimulating ROS
ox_idative stress markers in HCECs in 200 mOsM medium Z0.95* production and disrupting the
primary HCECs [21] balance of  oxygenases and
HCECs in 450 mOsM medium 13 antioxidant enzymes
e  Hyperosmolarity causes cell damage
with increased oxidative markers in
membrane lipid peroxidation and
mitochondrial DNA damage
MDA in other ocular diseases
To measure MDA in the tears of | Healthy tears 19 | 9914 + 6126 nM e Levels of MDA in tears correlate
Esgfir:rsetinvgg)t:thyce?gsalcR)s er;):; entire CSCR cohort tears 31 | 7898 + 6285 nM with RPE leakage in CSCR.
investigate possible correlations | acute CSCR tears 8 12295 + 8495 nM*
with disease activity [38] _
chronic CSCR tears 23 | 6614 + 4613 nM*
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To investigate the serum changes | Serum of healthy control patients 89 | 5.57 * 4.49umol/l* (p Higher serum MDA levels were
of oxidative stress markers and <0.001) associated with a higher risk of
the relationship between these PACG
factors and visual field (VF) Serum levels of MDA at baseline
progression in patients with were associated with the progression
primary angle closure glaucoma of PACG as measured by the VF
(PACG) [34] Serum of patients with PACG 94 | 30.69 * 35.99umol/I* Serum MDA could be useful marker
(p <0.001) for predicting the progression of
patients with PACG
An imbalance in the oxidative stress
system was involved in the onset and
development of glaucoma
Oxidative stress might be a relevant
target for both glaucoma prevention
and therapy.
To determine the status of | Tears of healthy control patients 20 | 955 mmol/ml* Moderate KC patients MDA levels
markers of oxidative stress in - - were significantly higher compared
tears of patients with keratoconus e et s ese e AU | L sl mmel i to mild gIJ<C patier:/ts ’ °
(KC) following corneal | KC patient tears 1-month post- | 20 | 240 + 25 mmol/ml* MDA levels were significantly
crosslinking procedure [40] crosslinking higher at 1 month following CXL
KC patients tears 3 months post- | 20 | 120 + 15 mmol/ml* MDA levels were significantly lower
crosslinking at 3 months following CXL
To investigate the influences of | Tear film at baseline 50 | 44.01 £6.03 pmol/mg Smartphone use could aggravate
smartphone, use on ocular [ Tear film after 1hr smartphone usage | 50 | 43.38 +4.71 pmol/mg subjective symptom indices such as
symptoms, status of the tear film, _ the OSDI, VAS, and CVS
and oxidative stress indices in the | 1€ar film after 4hr smartphone usage | 50 | 45.14 +9.34 pmol/mg Smartphone use could induce tear
tears and at the ocular surface ["Control tear film at baseline 30 | 41.90 +11.22 pmol/mg film instability and oxidative stress
[39] indices in the tears and at the ocular
Control tear film after 1hr 30 | 45.48 +14.62 pmol/mg surface.
Control tear film after 4hr 30 | 44.73 £9.45 pmol/mg
To compare serum levels of | wAMD serum baseline 20 | 9.94 £ 1.53 pmol/ml* elevated serum MDA levels were
malondialdenyde ~ (MDA) in | JAMD serum baseline 20 | 9.30 + 0.92 pmol/ml directly associated with the area of
patients with We_t age-related control serum baseline 24 | 9.04 % 0.96 pmolimi™ CN\_/_IeS|ons in eyes with wAMD
macular degeneration (WAMD), nutritional supplements appear to
patients with dry AMD (dAMD), | WAMD S+ group serum baseline 10 | 10.34 £ 2.03 pmol/ml protect the eyes from systemic
and patients without AMD and to oxidative damage
evaluate the efficacy of nutritional WAMD S+ serum after nutritional | 10 | 8.88 £1.18 pmol/ml MDA might be a valuable marker of
supplementation (S) for treating supplement oxidative stress
elevated serum MDA in patients | WAMD S- group serum baseline 10 | 9.54 +0.70 pmol/ml
T A AL, WAMD S- serum after placebo | 10 | 10.41 + 1.36 pmol/ml
supplement
To compare MDA and total | Tears of young adults (18-30 y/0) 26 | 0.034 £ 0.021 mM/ul* MDA concentration is increased in
protein concentration in human (p=0.0161) the tears of elderly people
tears in two different age groups: | Tears of old adults (65-85 y/0) 40 | 0.051 £ 0.035 mM/ul*
younger adults (18-30 years old) (p =0.0161)
and elderly adults (65-85 years
old) [42]
To clarify the presence of | Serum of healthy control patients 50 | 3.51 * 0.84 nmol/ml* The concentration of MDA in PACG
oxidative stress in patients with (p<0.01) patients was significantly higher than
primary angle-closure glaucoma ["ge i of patients with PACG 50 | 4.35 + 0.81 nmol/mI* those of the control subjects (P <

(PACG) and to investigate the
relationship between oxidative
stress and PACG [36].

(p<0.01)

0.05)

MDA and 4-HNE in ocular surface disease or

other eye diseases

The role of MDA or 4-HNE has also been explored in other

ocular diseases besides DED. In corneal diseases, including
keratoconus, bullous keratopathy, and Fuchs' endothelial
dystrophy, MDA was found in cells of all diseased corneas
and no healthy corneas [32]. MDA has been found to be
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elevated in pterygium tissue [7]. Both MDA and 4-HNE were
measured in a study of granular corneal dystrophy type Il
(GCD 1) and were found to be elevated in the corneal tissue
of GCD Il patients compared to controls [8]. In atopic ocular
surface disease, 4-HNE was measured and was found to
positively correlate with conjunctival inflammation [33].
MDA has been studied as a marker of glaucoma. One study
found that serum levels of MDA were significantly higher in
patients with primary angle-closure glaucoma compared to
healthy subjects [34], and MDA has been found to be elevated
in both serum and aqueous humour across multiple primary
open angle glaucoma studies [35]. 4-HNE has not been as
widely studied in glaucoma patients, but one study did look
at 4-HNE in primary angle closure glaucoma patients and
found that it was elevated in the serum of affected patients
compared to normal controls, but not to a statistically
significant level [36]. MDA has consistently been found to be
elevated in the serum of patients with age-related macular
degeneration [37]. A study of MDA in tear samples of
patients with central serous chorioretinopathy (CSCR) found
that MDA levels correlated to retinal pigment epithelium
leakage and were significantly elevated in acute CSCR
(12295 £ 8495 nM) compared to chronic CSCR patients
(6614 + 4613 nM) [38].

With many studies showing that MDA and/or 4-HNE have
been elevated in states of disease or inflammation of the eye,
MDA and 4-HNE have begun to be used as biomarker
endpoints of experimental studies. MDA and 4-HNE levels in
patient tear samples were used as biomarkers to assess the
effects of smartphone usage on the ocular surface, and no
significant difference was found between experimental
(45.14 £ 9.34 pmol MDA/mg, 10.54 = 3.32 pg 4-HNE/mL)
and control subjects (44.73 + 9.45 pmol MDA/mg, 9.68 +
2.30 ug 4-HNE/mL) [39]. MDA was used to determine the
effectiveness of a surgical crosslinking procedure used in
patients with keratoconus, finding that MDA levels initially
increased in the tears of keratoconus patients from baseline
(190 £ 20 mmol/ml) to 1 month after the procedure (240 + 25
mmol/ml) before decreasing within the range of healthy
control patients after 3 months (120 = 15 mmol/ml) [40]. A
study has then been done to test the effect of nutritional

supplements on wet age-related macular degeneration

patients using serum MDA as a biomarker and found that
MDA decreased in wWAMD patients following nutritional
supplementation [41].

The above studies of MDA and 4-HNE concentrations used a
variety of methods. Some studies of wWAMD or glaucoma
measure levels of MDA or 4-HNE in the serum of patients,
but the studies of ocular surface disease all measured MDA
or 4-HNE using either conjunctival cells from small
conjunctival biopsies or tears. The tears represent the best
candidate for a potential biomarker because of the collection
of tears is easily accessible and non-invasive. However,
variability remains in the methods and units used in the study
of tears. Daruich et al. used both the TBA method which is
based on fluorescence detection of a TBA derivative after
high-performance liquid chromatography (HPLC) separation
and a strategy adapted from isolating MDA in urine samples
in which 2-aminoacridone (2-AA) is used to form a selective
detectable derivative of MDA. The TBA method is
commonly used to detect MDA but has been criticized for
being weakly specific and for harsh derivatization conditions
that could lead to overestimation of MDA levels, and the 2-
AA method has not been widely used and verified in tears
[38]. Other studies, including Choi et al. and Matsuura et al.
used commercially available ELISA kits for analysis of MDA
and 4-HNE, but the results were reported using different
units. While Choi et al. reported MDA concentrations in pmol
MDA/mg of protein detected in tear samples, Matsuura et al.
reported MDA concentration in pmol MDA/mL of tears [39
41]. Thus, results of these tear studies cannot be directly
quantitatively compared due to different methodologies and

units used.

Summary and future research

From the current literature, MDA and 4-HNE appear to be
promising objective metrics for biomarkers for eye disease
and analysis of tears allows for easy access if one can
demonstrate specificity and repeatability of measurements
related to ocular surface disease. In ex vivo tissue culture
studies, MDA and 4-HNE increase in a hyperosmolar state
that mimics that of DED, and the levels of MDA and 4-HNE
positively correlate with the osmolarity of the medium. MDA

and 4-HNE have widely been studied in a variety of clinical
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settings and have been also used as endpoint biomarkers in
some experimental studies. Two studies have specifically
looked at the potential for MDA and/or 4-HNE as biomarkers
for DED, and both show that MDA and 4-HNE are elevated
in DED- one in conjunctival cells, another in tears. Future
research to better establish MDA and 4-HNE as biomarkers
of DED are needed, such as establishing standardized
processing methodology for analysis of tears. Current studies
of MDA and 4-HNE use different methods and different
units, so comparing levels of these markers cannot be done
across studies. With a standardized methodology including
units, normal baseline levels of MDA and 4-HNE could be
established and confirmed across studies, and diagnostic
levels of a diseased state could also be determined.
Furthermore, the two published studies on these markers in
DED had small samples sizes, giving the studies low power
for generalization and broad usage. As this review
demonstrates, MDA and 4-HNE can be elevated in many
ocular diseases, so further clinical research is warranted to
more clearly demonstrate their significance as related to
patient signs and symptoms in DED and may offer a
minimally objective metric to be used as a biomarker for
DED.

Conclusions

These early studies indicate a promising potential for MDA
and 4-HNE as biomarkers of DED in tears that indicate
oxidative stress. The limited numbers of study participants,
lack of standardized methodology of analysis and reporting
of results, and their correlation with patient signs and
symptoms indicate the need for more studies to establish
MDA and 4-HNE as biomarkers of DED in tears.
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