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PURPOSE. Oxidative stress, characterized by an excessive production of reactive oxygen
intermediates has been suggested to play a role in the pathogenesis of age-related macular
degeneration (AMD). We examined the association of urinary F2-isoprostanes (F2-IsoPs), a
marker of lipid peroxidation and the most reliable marker of oxidative damage with AMD.
METHODS. We included 238 adults with AMD and 390 age- and sex-matched controls without
AMD who participated in a population-based cross-sectional study in Singapore (Singapore
Chinese Eye Study, 2009–2011). AMD was graded from retinal photographs using the
Wisconsin Age-Related Maculopathy Grading System. Urinary-free F2-IsoPs (pmol/mmol of
creatinine) were measured by gas chromatography mass spectrometry (GC-MS). The
association between F2-IsoPs and AMD was examined using unconditional logistic regression
models adjusted for potential confounders including smoking, body mass index (BMI), blood
pressure, total and high-density lipoprotein cholesterol, and history of cardiovascular disease.
RESULTS. Higher levels of F2-IsoPs were associated with AMD independent of potential
confounders. Compared to quartile 1 (Q1) of F2-IsoPs, the multivariable odds ratio (95%
confidence interval) of AMD in quartiles 2, 3, and 4 were 2.05 (1.26–3.32), 1.80 (1.10–2.94),
and 1.76 (1.06–2.94), respectively. In subgroup analyses comparing Q4 to Q1, this association
was stronger in women, those with BMI less than 25 kg/m2 and those with hypertension, but
no significant interaction was found (P interaction > 0.1 for each strata).
CONCLUSIONS. Higher levels of urinary F2-IsoPs levels were associated with AMD independent
of potential confounders in Chinese adults.
Keywords: age-related macular degeneration, Asians, isoprostane, oxidative stress

ge-related macular degeneration (AMD) is a leading cause of
irreversible blindness in older adults worldwide.1,2 Globally, 170 million adults have AMD, exerting a significant
socioeconomic burden on healthcare systems.2,3 Despite
significant research over decades, the pathogenesis of AMD is
still not clear, and robust systemic biomarkers of AMD have not
been identified yet.4
Oxidative stress, characterized by an imbalance between
excessive generation of reactive oxygen species (ROS) and their
degradation by antioxidants, has recently been proposed to
play a significant role in the pathogenesis of AMD.5–7 With
advancing age, the retina becomes more susceptible to
oxidative stress and damage to the retinal pigment epithelium
(RPE) occurs early in the natural history of AMD.8 At
physiological concentrations, ROS are involved in cell signaling
and regulation of immune responses.9 However, disproportionate levels of ROS with concurrent impairment of enzymatic and
nonenzymatic antioxidants damage cellular proteins, membrane lipids, and DNA that eventually lead to tissue injury,
cellular death10 resulting in accumulation of detrimental

A

products including intracellular lipofuscin, and extracellular
drusen.6
Oxidation of membrane lipids or lipid peroxidation has been
strongly linked to atherosclerosis11,12 and inflammation,13 two
of the major mechanisms underlying AMD. Isoprostanes, the
most sensitive and stable marker of lipid peroxidation and
oxidative stress are lipid peroxidation products formed via the
free-radical mediated oxidation of arachidonic acid.14 Isoprostanes have been shown to be associated with atherosclerosis15–17 and inflammation18–22 in several previous studies.
However, the association of isoprostanes with AMD is not
clear. Two previous studies that examined association between
isoprostanes measured using immunoassays and AMD23,24 did
not find any significant association.25,26
In the current study, we evaluated the association of AMD
with oxidative stress as indicated by urinary F2-isoprostanes (F2IsoPs) measured by gas chromatography tandem mass spectrometry (GC-MS), the gold standard method for measuring isoprostanes25,26 in a population-based sample of adults in Singapore
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METHODS

Assessment of Covariates

We designed a case-control study using data from the Singapore
Chinese Eye Study (SCES; 2009–2011, n ¼ 3353), a populationbased cross-sectional study aimed to assess the prevalence and
risk factors of age-related eye diseases in Chinese adults in
Singapore. Study design and methodology of SCES has been
published elsewhere.27 In brief, 3353 adults aged 40 to 80
years, living in the southwestern part of Singapore were
recruited into the study (2009–2011). They were identified by
an age-stratified random sampling method from a computergenerated random list of 12,000 ethnic Chinese residents
provided by Singapore’s Ministry of Home Affairs. The study
followed Tenets of the Declaration of Helsinki and ethics
approval was obtained from the Singapore Eye Research
Institute institutional review board. Written informed consent
was obtained from all participants.

Covariate information was obtained from standardized questionnaires, physical, and laboratory examinations. Questionnaire data included information on age, sex, education level,
history of smoking and alcohol consumption, and medical
history. Physical examination included height, weight, and
blood pressure (BP) measurements. Laboratory examination
included measurement of blood glucose, HbA1c, total, lowdensity lipoprotein (LDL), and high-density lipoprotein (HDL)
cholesterol from nonfasting venous blood samples. Cigarette
smoking was categorized into never, former, and current
smoking. Body mass index (BMI) was calculated as weight in
kilograms divided by the square of height in meters squared
(kg/m2). BMI was categorized into two categories: less than 25
(normal) and greater than or equal to 25 kg/m2 (overweight
and obesity). Hypertension was defined as systolic BP greater
than or equal to 140 mm Hg or diastolic BP greater than or
equal to 90 mm Hg or self-reported previously diagnosed
hypertension. Diabetes mellitus was defined as a casual plasma
glucose greater than or equal to 200 mg/dL (11.1 mM) or selfreported physician-diagnosed diabetes or use of glucoselowering medication(s). Cardiovascular disease (CVD) was
defined as self-reported myocardial infarction, angina, or
stroke.

Identification of Cases and Controls
Cases were defined by the presence of any AMD (early or late
AMD) and controls as those without any AMD determined by
grading from fundus photography. One to two controls
frequency matched on age (within 5-year age group) and sex
to cases were chosen. We identified 238 cases and 390
controls. In quartile analysis, our study sample size had 80%
power to detect a minimum odds ratio (OR) of 1.65 for AMD.

Assessment and Definition of AMD
Digital retinal photographs taken using a nonmydriatic retinal
camera (Canon CR-DGi with a 10 dioptre SLR backing; Canon,
Tokyo, Japan) were used to assess the presence of AMD. After
pupillary dilation, two 458 retinal images corresponding to
Early Treatment for Diabetic Retinopathy Study (ETDRS)
standard field 1 (centered on the optic disc) and ETDRS
standard field 2 (centered on the fovea) were taken. Images
were sent to Centre for Vision, University of Sydney, Australia,
where trained graders masked to participant characteristics
graded the images according to a modified Wisconsin Agerelated Maculopathy Grading System. Any AMD was defined
as the presence of either early or late AMD.28,29 Early AMD
was defined by the presence of soft drusen or RPE
abnormalities or a combination of both,30 while late AMD
was defined by the presence of neovascular AMD or
geographic atrophy.

Measurement of F2-IsoPs
Urinary F2-IsoPs, albumin, and creatinine were measured from
stored (808C) urine samples collected at baseline. F2-IsoPs
levels were measured at the University of Sydney while
albumin and creatinine were measured at the National
University Hospital Reference laboratory, Singapore. Urinary
samples were kept frozen until shipped on dry ice to Sydney.
F2-IsoPs were measured by GC-MS electron capture negative
chemical ionization using stable isotope dilution method as
described by Mori et al.31 and Tsai et al.32 The intra- and
interassay coefficient of variation (CV) were 0.9% and 7.4%,
respectively, with a lower limit of detection of 254 pM. Urinary
albumin and creatinine were measured using commercial
assays (for urinary albumin and creatinine, respectively;
Immulite, DPC; Roche Diagnostics GmbH, Mannheim, UK).
As the levels of F2-IsoPs in urine are affected by the hydration
status of the individual, F2-IsoPs levels were normalized to
urinary creatinine (pmol/mmol of creatinine) for analysis.21,33,34
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Statistical Analysis
F2-IsoPs were analyzed in quartiles (quartile 1 [Q1], 107–738;
Q2, 738–999; Q3, 999–1364; and Q4, 1364–5970) and also as a
continuous variable (per SD increase). We compared the
characteristics of the study participants by AMD status using
the v2 test for categorical and analysis of variance for
continuous variables. We also compared participant characteristics by quartiles of F2-IsoPs levels. We examined the
association between F2-IsoPs levels and any AMD using two
unconditional logistic regression models: model 1 adjusted for
age and sex, and model 2 adjusted for age, sex, current
smoking, BMI, systolic BP, diabetes, total cholesterol, HDL
cholesterol, and CVD. In quartile analysis, Q1 was used as the
reference group and P for trend was calculated using the
quartiles as an ordinal variable. To examine the consistency of
the association between F2-IsoPs levels and any AMD, we
performed subgroup analysis stratified by potential confounders including sex, BMI, and hypertension status. We examined
statistical interaction by stratifying variables by including crossproduct interaction terms (strata factor 3 quartiles of F2-IsoPs)
in the corresponding regression models. We performed three
supplementary analyses: first we excluded those with late AMD
and repeated the analysis using early AMD (n ¼ 218) as an
outcome; second, we examined the association of F2-IsoPs
with AMD stratified by lesion type, drusen (n ¼ 301) and
pigmentary lesion (n ¼ 242) in separate models; and third, to
demonstrate that the associations of AMD observed with F2IsoPs normalized to urinary creatinine were not driven by
urinary creatinine, we evaluated the association of 1/urinary
creatinine with AMD in unconditional logistic regression
models. In addition, we also examined the association of F2IsoPs without normalization to urinary creatinine (absolute F2IsoPs) with AMD in multivariable logistic regression models. All
statistical analyses were performed using SAS version 9.3 (SAS
Institute, Cary, NC, USA).

RESULTS
Participant characteristics in terms of demographic, lifestyle, or
clinical factors were similar (Table 1) between those with
(cases) and without AMD (controls), except that controls had
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TABLE 1. Characteristics of Study Participants Stratified by AMD Status
Characteristics
Age, y
Male, %
Diabetes, %
Hypertension, %
Current smoker, %
Ever drinker, %
History of CVD, %
Blood glucose, mM
Systolic BP, mm Hg
Diastolic BP, mm Hg
BMI, kg/m2
Total cholesterol, mM
HDL cholesterol, mM
F2-IsoPs, pmol/mmol Cr

Controls
(n ¼ 390)
67.1
251
79
291
61
34
42
6.5
141.5
76.9
23.9
5.3
1.25
1117.4

(9.2)
(64.4)
(20.4)
(74.6)
(15.6)
(8.7)
(10.8)
(2.4)
(19.6)
(9.1)
(3.5)
(1.1)
(0.41)
(695.9)

Cases
(n ¼ 238)
66.2
150
60
177
25
30
19
6.9
141.1
77.6
23.3
5.3
1.32
1203.6

(9.4)
(63.0)
(25.2)
(74.4)
(10.5)
(12.7)
(8.0)
(3.4)
(18.9)
(8.7)
(3.6)
(1.0)
(0.41)
(716.0)

P Value*
0.3
0.7
0.2
0.9
0.07
0.1
0.3
0.2
0.8
0.4
0.05
0.7
0.03
0.1

Data presented are numbers and (proportions) or mean and (SD).
BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease;
F2-IsoPs, F2-isoprostanes; HDL, high-density lipoprotein.
* P value represents difference in characteristics by case-control
status based on v2 or ANOVA as appropriate.

lower levels of HDL cholesterol than cases. Table 2 presents
the characteristics of study participants by quartiles of F2IsoPs. Compared with those in Q1 of F2-IsoPs, those in Q3 and
Q4 were more likely to be females and current smokers, had
lower prevalence of hypertension and CVD, higher levels of
blood glucose and HDL cholesterol, and lower levels of BMI.
Table 3 shows the association between F2-IsoPs and any
AMD. Compared with those in Q1 of F2-IsoPs, Q2 to Q4
showed significant positive association with any AMD in both
age, sex-adjusted, and multivariable models. But, the positive
association across the quartiles was not linear, rather, all
quartiles above the first showed similar OR estimates.
Furthermore, no significant association was observed when
F2-IsoPs were analyzed as continuous variables. In subgroup
analyses (Fig.), although the association of F2-IsoPs with any
AMD was stronger in women, those with BMI less than 25 kg/
m2 and those with hypertension, no significant interactions
were found (P interaction > 0.1 for each strata).

In supplementary analyses, when we repeated the analyses
using early AMD as an outcome, the pattern of associations
observed was similar to that of any AMD. Compared with Q1,
the ORs (95% confidence interval [CI]) of early AMD in Q2, Q3,
Q4 were: 2.32 (1.40–3.85), 1.98 (1.19–3.31), and 1.81 (1.06–
3.09), P trend ¼ 0.3 (data not shown). We could not test the
association with late AMD due to small number of cases with
late AMD (n ¼ 20). In analyses stratified by lesion types,
association of F2-IsoPs were significant with drusen (2.06
[1.26–3.37] comparing Q4 versus Q1) but not with pigmentary
lesion (1.41 [0.86–2.33] comparing Q4 versus Q1). Finally, in
analyses evaluating the association of urinary creatinine alone
(1/creatinine) with AMD, no significant associations were
observed either in the univariate (P ¼ 0.08) or multivariate
analyses (P ¼ 0.2). In addition, no significant associations were
detected in analyses including absolute F2-isoPs without
normalization to urinary creatinine (1.29 [0.67–2.46] comparing Q4 versus Q1).

DISCUSSION
We demonstrated that urinary F2-IsoPs were positively
associated with any AMD independent of age, sex, smoking,
BMI, systolic BP, total and HDL cholesterol, and CVD. The
positive association was not linear; with a ceiling effect
observed with higher levels, which implied conversely that
lower levels of F2-IsoPs were protectively associated with
AMD. In subgroup analyses, this association was stronger in
women, those with BMI less than 25 kg/m2 and those with
hypertension. The positive association between F2-IsoPs and
AMD remained significant when early AMD was used as an
outcome. Within lesion subtype, the association was significant
among those with drusen, but not in those with pigmentary
lesion. F2-IsoPs are considered to be the best available markers
of oxidative stress and lipid peroxidation in vivo.35 F2-IosPs
have been shown to be reliable indicators of oxidative stress
both in vitro36 and in vivo35,37 in that they are specific
products of lipid peroxidation, stable, their levels increase
considerably in several animal models of oxidant injury, and
their formation is modulated by antioxidant agents,38 besides
being not affected by lipid content of the diet.39

TABLE 2. Characteristics of Study Participants by Quartiles of Urinary F2-IsoPs
F2-IsoPs (pmol/mmol Cr)

Characteristics
Age, y
Male, %
Diabetes, %
Hypertension, %
Current smoker, %
Ever drinker, %
History of CVD, %
Blood glucose, mM
Systolic BP, mm Hg
Diastolic BP, mm Hg
BMI, kg/m2
Total cholesterol, mM
HDL cholesterol, mM
F2-IsoPs, pmol/mmol Cr

Quartile 1
(<738.4, n ¼ 155)
67.9
102
38
134
8
10
26
6.5
144.0
77.9
24.6
5.3
1.2
537.1

(9.3)
(65.8)
(24.7)
(86.5)
(5.2)
(6.5)
(16.8)
(2.4)
(19.0)
(9.7)
(3.3)
(1.1)
(0.4)
(157.0)

Quartile 2
(738–999, n ¼ 159)
66.7
114
32
110
18
18
11
6.3
139.6
77.4
23.8
5.3
1.2
855.3

(8.9)
(71.7)
(20.1)
(69.2)
(11.3)
(11.3)
(6.9)
(2.4)
(18.5)
(8.5)
(3.5)
(1.0)
(0.4)
(70.4)

Quartile 3
(999–1364, n ¼ 157)
66.1
98
36
108
22
18
14
6.9
139.8
76.8
23.2
5.4
1.3
1152.5

(9.8)
(62.4)
(22.9)
(68.8)
(14.0)
(11.5)
(8.9)
(3.3)
(19.4)
(8.7)
(3.6)
(1.1)
(0.4)
(100.0)

Quartile 4
(1364–5970, n ¼ 157)
66.3
87
33
116
38
18
10
6.8
142.1
76.5
23.1
5.2
1.4
2051.2

(9.2)
(55.4)
(21.2)
(73.9)
(24.2)
(11.5)
(6.4)
(3.1)
(20.1)
(8.9)
(3.4)
(1.2)
(0.5)
(821.6)

P Value*
0.6
0.02
0.8
<0.001
<0.001
0.4
0.006
0.005
0.7
0.4
<0.001
0.4
<0.001
<0.001

Data presented are numbers and (proportions) or mean and (SD). BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; F2IsoPs, F2-isoprostanes; HDL, high-density lipoprotein.
* The P value represents the difference in characteristic by quartile of F2-IsoPs, using analysis of variance or v2 test.
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TABLE 3. Association Between Urinary F2-IsoPs and Any AMD
F2-IsoPs Level
(pmol/mmol Cr)

Control,
n ¼ 390

Cases,
n ¼ 238

Quartile 1 (107–738)
Quartile 2 (738–999)
Quartile 3 (999–1364)
Quartile 4 (1364–5970)
P trend
Per SD increase (SD ¼ 704.26)

113
91
92
94

42
68
65
63

Age, Sex-Adjusted OR (95% CI)

Multivariable Adjusted OR (95% CI)*

1.00 (Reference)
2.00 (1.24–3.21)
1.87 (1.16–3.01)
1.77 (1.10–2.85)
0.6
1.12 (0.95–1.32)

1.00 (Reference)
1.96 (1.21–3.19)
1.76 (1.08–2.88)
1.72 (1.03–2.88)
0.6
1.09 (0.92–.30)

CI, confidence interval; F2-IsoPs, F2-isoprostanes; OR, odds ratio.
* Adjusted for age, sex, BMI, current smoking, systolic BP, diabetes, total cholesterol, HDL cholesterol, and history of cardiovascular disease.

In the current study, we found that elevated levels of F2IsoPs were associated with AMD. Few previous studies have
examined the association of isoprostanes in plasma with
AMD.23,24,40 In a case-control study evaluating the role of
serum lipids in AMD, Orban et al.40 analyzed serum lipids from
21 Japanese patients affected by neovascular AMD and 24
controls. Authors found the levels of docosahexaenoic acid,
arachidonic acid, and their ratios were significantly different in
AMD patients than controls. The increased levels of arachidonic acid in sera of AMD patients compared with controls
suggest that AMD patients may have more substrate for
generation of F2-isoP than controls.40 In a clinic-based casecontrol study involving 77 AMD patients and 75 controls,
Brantley et al.24 found no significant association between
plasma levels F2-IsoPs and AMD. Similarly, in the Beaver Dam
Eye Study, Klein et al.23 reported that plasma levels of eight
isoprostanes were not associated with 15-year cumulative
incidence of AMD. The long follow-up period and selective
mortality of those with elevated levels of isoprostanes in this
elderly cohort could have contributed to the lack of association
in this study. Both the above studies used plasma F2-IsoPs as
marker of oxidative stress and used immunoassays, which were
shown to correlate poorly with that of GC-MS.41 F2-IsoPs have
been shown to unstable in plasma and plasma samples are
prone to artefactual generation of isoprostanes ex vivo by autooxidation if the samples are not processed and stored
immediately.42 In the current study, we used urine samples
instead of plasma. F2-IsoPs are quite stable in urine, even when
urine samples are left at room temperature for 10 days43 and
their levels are not altered with freeze–thaw cycles. Measurement of F2-IsoPs in a single sample of urine has been shown to

adequately represent the daily isoprostane excretion in
humans.39,44
Several potential mechanisms have been postulated to
explain the association between F2-IsoPs and AMD. Atherosclerosis and inflammation have been identified as the key
mechanisms underlying AMD. Increased F2-IsoPs have also
been shown to be associated with atherosclerosis,15–17
atherosclerotic CVD,21,45,46 and markers of inflammation
including serum amyloid A and C-reactive protein (CRP) in
previous studies.18–22 In addition, F2-IsoPs have also been
shown to be associated with several proatherogenic factors
including smoking, diabetes, and hypertension.47–49 In the
current study, although F2-IsoPs levels were higher in those
with current smoking, no significant difference in F2-IsoPs
levels across quartiles was found with in those with diabetes
and a negative association was found with hypertension and
CVD. Although the exact reason is not clear, these null and
negative associations could possibly be explained by higher
levels of F2-IosPs representing a compensatory metabolic
adaptation in response to weight gain. In the Insulin Resistance
Atherosclerosis Study (IRAS),50 authors postulated that urinary
levels of F2-IsoPs could represent the level of fat oxidation in an
individual, for example, those with higher levels of F2-IosPs may
have higher rates of fat oxidation and are protected from weight
gain and risk of diabetes. In line with this hypothesis, in the
current study, those with higher levels of F2-isoPs had lower
levels of BMI. It could also be due to selective mortality of those
with higher levels of F2-IsoPs and diabetes, hypertension, or
CVD21,45 given that elevated levels of F2-IsoPs have been shown
to predict the extent and severity of coronary artery disease.51
In addition, CVD in the current study was self-reported and

FIGURE. Association of urinary F2-IsoPs (Q4 versus Q1) with any AMD within subgroups in multivariable models. BMI, body mass index; CI,
confidence interval; OR, odds ratio.
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association of F2-IsoPs with CVD could have been offset by the
crude measure of the outcome. In the current study, we found
that the positive association between F2-IsoPs and AMD was
evident from quartile 2 onward with a nonlinear association.
The reason for this nonlinear association is not clear. However,
we cannot exclude the possibility of survival bias involving
selective mortality of those with higher levels of F2-IsoPs and
associated comorbidities contributing to this nonlinear association.
Numerous studies have provided evidence supporting the
role of lipid peroxidation in AMD.52–55 The RPE has been
shown to be highly vulnerable to oxidative stress by radicalcatalyzed lipid peroxidation.7,8,56 Markers of lipid oxidation
including plasma levels of malondialdehyde (MDA),54,55 and
thiobarbituric acid-reactive substance (TBARS), have been
shown to be higher in serum of patients with AMD compared
with controls without AMD in previous studies.52,53 However,
F2-IsoPs have been shown to have greater utility than these
markers. First, urinary F2-IsoPs are very stable because
artifactual F2-IsoPs are not formed by auto-oxidation due to
the low lipid content of urine38 as opposed to MDA and
TBARS. Second, MDA and TBARS were less sensitive and
specific indicators of lipid peroxidation compared with F2IsoPs.35 Third, levels of F2-IsoPs after oxidant injury were
found to increase several folds higher compared with that of
MDA35,57 and formation of MDA is affected by oxygen
tension58 in animal models, making it less useful as an
oxidative stress marker.
Our study has some limitations. First, the temporal
relationship between F2-IsoPs and AMD could not be
established due to the cross-sectional design of our study.
Second, it is possible that residual confounding due to
unmeasured factors, for example, lack of information on
inflammation could have affected the study results. Finally,
although, inclusion of a homogeneous Chinese population
eliminates confounding by ethnicity, we cannot extrapolate
our study findings to other race/ethnic groups. Study strengths
included selection of cases and controls from a wellcharacterized population-based cohort with standardized
assessment of outcome and covariates and measurement of
urinary F2-IsoPs using the gold standard GC-MS method.

CONCLUSIONS
Our study findings suggest that elevated levels of urinary F2IsoPs were associated with AMD in Chinese adults. These data
provide further evidence of a link between oxidative stress and
AMD pathogenesis. If confirmed in prospective studies and
diverse populations, F2-IsoPs may serve as a potential systemic
biomarker for predicting AMD.
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