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Age-related macular degeneration (AMD) causes severe
vision loss in the elderly; early identification of AMD risk
could help slow or prevent disease progression. Toward
the discovery of AMD biomarkers, we quantified plasma
protein N�-carboxymethyllysine (CML) and pentosidine
from 58 AMD and 32 control donors. CML and pentosidine
are advanced glycation end products that are abundant in
Bruch membrane, the extracellular matrix separating the
retinal pigment epithelium from the blood-bearing chorio-
capillaris. We measured CML and pentosidine by LC-
MS/MS and LC-fluorometry, respectively, and found
higher mean levels of CML (�54%) and pentosidine
(�64%) in AMD (p < 0.0001) relative to normal controls.
Plasma protein fructosyl-lysine, a marker of early glyca-
tion, was found by amino acid analysis to be in equal
amounts in control and non-diabetic AMD donors, sup-
porting an association between AMD and increased levels
of CML and pentosidine independent of other diseases
like diabetes. Carboxyethylpyrrole (CEP), an oxidative
modification from docosahexaenoate-containing lipids
and also abundant in AMD Bruch membrane, was ele-
vated �86% in the AMD cohort, but autoantibody titers
to CEP, CML, and pentosidine were not significantly
increased. Compellingly higher mean levels of CML and
pentosidine were present in AMD plasma protein over a
broad age range. Receiver operating curves indicate
that CML, CEP adducts, and pentosidine alone discrim-
inated between AMD and control subjects with 78, 79,
and 88% accuracy, respectively, whereas CML in com-
bination with pentosidine provided �89% accuracy, and
CEP plus pentosidine provided �92% accuracy. Pento-
sidine levels appeared slightly altered in AMD patients
with hypertension and cardiovascular disease, indicat-
ing further studies are warranted. Overall this study

supports the potential utility of plasma protein CML and
pentosidine as biomarkers for assessing AMD risk and
susceptibility, particularly in combination with CEP ad-
ducts and with concurrent analyses of fructosyl-lysine
to detect confounding factors. Molecular & Cellular
Proteomics 8:1921–1933, 2009.

Age-related macular degeneration (AMD)1 is a progressive,
multifactorial disease and a major cause of severe vision loss
in the elderly (1). Deposition of debris (drusen) in the macular
region of Bruch membrane, the extracellular matrix separating
the choriocapillaris from the retinal pigment epithelium (RPE),
is an early, hallmark risk factor of AMD. The disease can
progress to advanced dry AMD (geographic atrophy), which is
characterized by regional degeneration of photoreceptor and
RPE cells, or to advanced wet AMD (choroidal neovascular-
ization (CNV)), which is characterized by abnormal blood ves-
sels growing from the choriocapillaris through Bruch mem-
brane beneath the retina. CNV accounts for over 80% of
debilitating vision loss in AMD; however, only 10–15% of
AMD cases progress to CNV.

There is growing consensus that AMD is an age-related
inflammatory disease involving dysregulation of the comple-
ment system; however, triggers of the inflammatory response
have yet to be well defined. Oxidative stress appears to be
involved as smoking significantly increases the risk of AMD
(2), antioxidant vitamins can selectively slow AMD progres-
sion (3), and a host of oxidative protein and DNA modifica-
tions have been detected at elevated levels in AMD Bruch
membrane, drusen, retina, RPE, and plasma (4–11). Oxidative
protein modifications like carboxyethylpyrrole (CEP) and N�-
carboxymethyllysine (CML), both elevated in AMD Bruch
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gesting possible roles in CNV. Other studies have shown that
mice immunized with CEP protein modifications develop an
AMD-like phenotype (14). Accordingly oxidative modifications
may be catalysts or triggers of AMD pathology (6).

AMD has long been hypothesized to be a systemic disease
(15) based in part on the presence of retinal drusen in patients
with membranoproliferative glomerulonephritis type II (16) and
systemic complement activation in AMD (17). Support for this
hypothesis also comes from mounting evidence that ad-
vanced glycation end products (AGEs) may play a role in AMD
(4, 5, 7, 18, 19). AGEs are a heterogeneous group of mostly
oxidative modifications resulting from the Maillard nonenzy-
matic glycation reaction that have been associated with age-
related diseases and diabetic complications (20, 21). In 1998,
CML was the first AGE to be found in AMD Bruch membrane
and drusen (4). Other AGEs have since been detected in AMD
ocular tissues (5, 7, 18) and in Bruch membrane, drusen, RPE,
and choroidal extracellular matrix from healthy eyes (6, 22).
CML, a nonfluorescent AGE, and pentosidine, a fluorescent
cross-linking AGE, increase with age in Bruch membrane (18,
23). Receptors for AGEs (RAGE and AGE-R1) appear elevated
on RPE and photoreceptor cells in early and advanced dry
AMD (7) especially in RPE overlying drusen-like deposits on
Bruch membrane (19). AGE-R3, also known as galectin-3, is
elevated in AMD Bruch membrane (24).

Although AMD susceptibility genes now account for over
50% of AMD cases (25), many individuals with AMD risk
genotypes may never develop advanced disease with severe
vision loss. Nevertheless the prevalence of advanced AMD is
increasing (26). Toward the discovery of better methods to
detect those at risk for advanced AMD, we quantified CML
and pentosidine in plasma proteins from AMD and control
patients and compared their discriminatory accuracy with
plasma CEP biomarkers. CEP biomarkers have been shown
to enhance the AMD predictive accuracy of genomic AMD
biomarkers (11). This report shows CML and pentosidine to
be elevated in AMD plasma proteins and demonstrates their
potential biomarker utility in assessing AMD risk and suscep-
tibility especially in combination with CEP biomarkers.

EXPERIMENTAL PROCEDURES

Case-Control Study Design—Clinically documented AMD and con-
trol blood donors were recruited prospectively between 2005 and
2008 from the Cole Eye Institute, Cleveland Clinic Foundation with
Institutional Review Board approval and according to Declaration of
Helsinki principles. All patients received a comprehensive eye exam-
ination by a clinician in the Clinical Study Group and provided written
informed consent. Blood samples were collected after clinical exam-
ination and diagnosis and without the possibility of systematic bias.
Human identifiers were removed, and the specimens were encoded
by the Clinical Study Group to protect donor confidentiality. The study
design a priori was to compare CML and pentosidine plasma protein
levels in a statistically significant number of control, early/mid-stage
AMD, and advanced AMD plasma from age- and gender-matched
donors. AMD disease progression was categorized based on fundus
examination, and patients were included in the study from Age-

Related Eye Disease Study AMD categories 2, 3, and 4 (3). Briefly
early/mid-stage AMD patients (Age-Related Eye Disease Study cat-
egories 2 and 3) exhibited multiple small to intermediate drusen in the
macula or one or more large drusen, RPE pigmentary abnormalities,
or any combination of these in one or both eyes or geographic
atrophy that did not involve the macula and at least one eye having
visual acuity 20/30 or better. AMD category 4 patients exhibited
advanced AMD with substantial CNV or geographic atrophy involving
the macula in one or both eyes; this cohort included 28 CNV and three
geographic atrophy patients. Control donors lacked macular drusen
and exhibited no clinical evidence of any retinal disorder. Study
population characteristics are summarized in Table I, including age,
gender, race, smoking status, and health history.

Human Plasma Preparation—Nonfasting blood specimens were
collected in BD Vacutainer� K2EDTA tubes, and plasma was prepared
within 6 h and aliquoted to vials containing the antioxidant butylated
hydroxytoluene (22 �g/ml plasma) and a protease inhibitor mixture
(Sigma product number P 8340; 10 �l/ml plasma) (11). The plasma
was flushed with argon, quench frozen in liquid nitrogen immediately,
and stored at �80 °C until analysis. For the plasma used in this study
storage time at �80 °C ranged from 4 to 34 months and averaged 13
months. All samples were frozen and thawed only once.

Sample Preparation and Amino Acid Analysis—Plasma (�200 �l;
�10-mg protein) was transferred to 6 � 50-mm glass hydrolysis
tubes, and protein was precipitated with 2 volumes of cold acetone.
After incubation at 4 °C for 10–20 min, the preparation was centri-
fuged briefly in a Microfuge, the supernatant was discarded, and the
pellet was washed once with 67% acetone (400 �l) and vacuum-dried
(27). Plasma protein was prepared for hydrolysis by adding 60 �l of 6
N HCl to each dried pellet, and then the hydrolysis tubes were placed
in a 40-ml screw cap vial containing �300 �l of 6 N HCl with a few
small crystals of phenol. The 40-ml vial was capped with a Mininert
slide valve, the valve was connected to a vacuum pump and argon
source via a three-way stopcock, and the vial was alternately evac-
uated and flushed with argon three times and then sealed under
vacuum (27). Protein was hydrolyzed at 110 °C for 16 h, then vacuum-
dried, flushed with argon, and stored at �20 °C until analysis. Protein
was quantified by PTC amino acid analysis (�80 �g was derivatized,
and �3 �g was analyzed) using an Agilent 1100 HPLC system, a
Haisil PTC C18 column (220 � 2.1 mm; Applied Biosystems), and a
Gilson model 116 UV detector (27). Protein was also quantified by
AccQ�TagTM amino acid analysis (�3.5 �g was derivatized, and �35

TABLE I
Characteristics of the study population

Property and
category

Control
(n � 32)

Early/mid-stage
AMD (n � 27)

Advanced
AMD (n � 31)

Age (year)
Mean � S.D. 72 � 6 73 � 9 74 � 6
Range 56–84 57–91 64–89

Gender
Male 15 (46.9%) 14 (51.9%) 16 (51.6%)
Female 17 (53.1%) 13 (48.1%) 15 (48.4%)

Race
Caucasian 32 (100%) 27 (100%) 31 (100%)

Smoking status
Non-smoker 30 (93.8%) 21 (77.8%) 30 (96.8%)
Smoker 2 (6.2%) 6 (22.2%) 1 (3.2%)

Health history
Hypertension 21 (65.6%) 14 (51.9%) 20 (64.5%)
Hyperlipidemia 15 (46.9%) 14 (51.9%) 10 (32.3%)
Diabetes 0 (0.0%) 3 (11.1%) 2 (6.5%)
Cardiovascular

disease
6 (18.8%) 7 (25.9%) 5 (16.1%)
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ng was analyzed) using an Acquity Ultra Performance LC system
(Waters) and AccQ�Tag Ultra column (100 � 2.1 mm) according to the
vendor (28). Bovine serum albumin from the National Bureau of
Standards was used as a protein standard and hydrolysis control.
Amino acid calibration standards were obtained from Pierce and
Thermo Scientific.

Fructosyl-lysine Quantification—Fructosyl-lysine was quantified as
furosine derivative (�-N-(2-furoylmethyl)lysine) by duplicate AccQ�Tag
amino acid analyses (�15 �g was derivatized, and �2.7 �g was
analyzed) using the Acquity LC system (Waters) described above.
Furosine contains a primary and a secondary amino group, and both
are derivatized by the AccQ�Tag reagent, yielding two different mono-
derivatized forms and a diderivatized species. The apparent dider-
ivatized species was well separated from other amino acids, exhibited
a constant response factor up to �55 pmol derivatized, and was used
for quantification of furosine in protein hydrolysates. Furosine stand-
ard was purchased from NeoMPS, Inc.

CML and Pentosidine Quantification—Plasma protein HCl hydroly-
sates (�8 mg in 40 �l of H2O) were spiked with a S-�(4-pyridylethyl)-
L-cysteine (PEC) internal standard (50 pmol) and fractionated on LC
system 1 composed of an Agilent 1100 HPLC system, a HypercarbTM

porous graphite carbon column (5-�m particles, 50 � 10 mm; Thermo
Scientific) maintained at 30 °C with an Applied Biosystems 112A
column oven, and aqueous trifluoroacetic acid/acetonitrile solvents
using gradient elution (0–100% acetonitrile over 13 min) and a flow
rate of 1 ml/min. The eluant was monitored for fluorescence (335-nm
excitation, 385-nm emission) with a WatersTM 474 scanning fluorom-
eter and initially split with 20% directed to an API 3000 triple quadru-
pole electrospray mass spectrometer (Applied Biosystems) and 80%
directed to a fraction collector. After determining reproducible elution
times using control plasma spiked with standard AGEs and PEC,
100% of the eluant was directed to the fraction collector and three
fractions were collected, one each for CML, PEC, and the co-eluting
pentosidine plus argpyrimidine. The fractions were vacuum dried and
re-fractionated on LC system 2 composed of the same HPLC equip-
ment but with an aqueous normal phase Cogent Diamond Hydride™
Column (4.2 �m particles, 150 � 2.1 mm) used at room temperature.
Fractions containing CML were re-chromatographed using aqueous
acetic acid/acetonitrile solvents and gradient elution (95–0% aceto-
nitrile in 13.6 min) at a flow rate of 400 �l/min. Fractions containing
PEC, argpyrimidine and pentosidine were re-chromatographed using
10 mM ammonium acetate, pH 6.0/acetonitrile solvents, gradient
elution (100–0% acetonitrile in 15 min) at a flow rate of 400 �l/min.
Aqueous normal phase chromatography was monitored by fluores-
cence detection followed by 100% of the eluant directed to the mass
spectrometer. CML and PEC were quantified by multiple reaction
monitoring (MRM), and pentosidine and argpyrimidine were meas-
ured by fluorescence; final CML and pentosidine amounts were ad-
justed based on the recovery of the PEC internal standard. Plasma
protein argpyrimidine concentrations were below reliable detection
limits in this analytical system and are not reported. Calibration curves
were developed in triplicate each day of analysis using LC system 2
and external standards. CML standard was purchased from NeoMPS,
Inc., pentosidine was obtained from the International Maillard Reac-
tion Society (Case Western Reserve University, Cleveland, OH), arg-
pyrimidine was prepared in our laboratories by R. H. N., and PEC was
purchased from Sigma.

Mass Spectrometry—The mass spectrometer was operated with
Analyst 1.4.1 software (Applied Biosystems); MS/MS spectra were
generated on singly charged precursor ions for CML, pentosidine,
argpyrimidine, and PEC; and specific transition ions for each modified
amino acid were analyzed by MRM. The declustering potential, fo-
cusing potential, collision energy, and exit potential were optimized
for each ion to �0.1 Da and �1 V. Ion spray voltage was set at 5300

V, and source temperature was set at 425 °C in LC system 1 and at
490 °C in LC system 2. The m/z of the precursor ions and each of the
transitions ions and their optimized voltages were transcribed, re-
spectively, into an LCsync method in the Analyst 1.4.1 software. CML
was quantified by MRM using precursor ion 205.1 and product ion
84.1, PEC was quantified using precursor ion 227.3 and product ion
106.1, pentosidine was monitored by MRM using precursor ion 379.2
and product ion 187.2, and argpyrimidine was monitored using pre-
cursor ion 255.2 and product ion 237.3. Peak areas and external
standard calibration curves were used for quantification of CML and
PEC by MRM and of pentosidine by fluorescence.

Pentosidine and CML Autoantibody Assays—Pentosidine autoan-
tibody titers were measured by direct ELISA using pentosidine con-
jugated to bovine serum albumin (pentosidine-BSA) or unmodified
BSA as the coating antigen (�8 �g/well). CML autoantibody titers
were measured with the same methodology using CML-BSA or BSA
as the coating agent (�15 �g/well). Plasma (100 �l of a 1:10 dilution)
was applied to coating agents, and the ELISA was developed as
described previously for the CEP autoantibody assay (9, 11). Anti-
CML (R&D Systems product MAB3247) or anti-pentosidine mono-
clonal antibodies (Trans Genic Inc. product KH012) were used for
positive ELISA controls. Titer was defined as the ratio of plasma
binding to antigen (A) versus binding to BSA (A0) (9).

Preparation of AGE-BSA—Pentosidine-BSA was prepared by mix-
ing pentosidine (1 mg; NeoMPS, Inc. product SC1535) in dimeth-
ylformamide (100 �l) with 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide HCl (5 mg; Pierce) and N-hydroxysuccinimide (6 mg; Pierce) at
room temperature for 2 h followed by the addition of BSA (2.5 mg in
0.5 ml PBS; Sigma product A6003) and continued incubation at 37 °C
for 48 h. The reaction was stopped by dialysis against 25 mM Tris-HCl
(pH 8.0) for 2 h at 4 °C and then dialysis against PBS for another 24 h
with two changes. CML-BSA was prepared by mixing BSA in PBS
with 25 mM glyoxylic acid and 50 mM NaCNBH3 for 48 h at room
temperature followed by dialysis against PBS for 24 h with two
changes (29). Protein was quantified by the BCA assay (Pierce), and
pentosidine and CML modifications were confirmed by Western anal-
ysis before and after the modification reactions using anti-CML
monoclonal antibody (R&D Systems product MAB3247) or anti-pen-
tosidine monoclonal antibody (Trans Genic Inc. product KH012).

CEP Adduct and CEP Autoantibody Assays—The CEP adduct and
autoantibody concentrations of plasma used in this study were re-
ported previously among 1404 plasma samples (11). Briefly CEP
adducts were quantified with a competitive ELISA using rabbit anti-
CEP polyclonal antibody, CEP conjugated to BSA as coating agent,
and known amounts of CEP-modified human serum albumin as ref-
erence protein. CEP autoantibody titers were measured by direct
ELISA using CEP-BSA as coating antigen. These methods are well
documented (9, 11).

Statistics—Continuous measures were summarized using means,
standard deviations, medians, and interquartile ranges, whereas cat-
egorical factors were described using frequencies and percentages.
Differences between control and AMD patients in plasma concentra-
tions of CML, pentosidine, and CEP adducts as well as in CML,
pentosidine, and CEP autoantibodies were evaluated using two-sam-
ple t tests in Excel 2003 (Microsoft� Office). To evaluate a relationship
between CML and pentosidine with AMD susceptibility, a logistic
regression model was fit with both variables as predictors using SAS
9.1 software (SAS Institute). C-statistics measured the ability of the
model to discriminate between AMD and controls, and odds ratios
(ORs) showed the change in risk of AMD based on the predictors.
ORs, c-statistics, and p values were determined based on log-trans-
formed marker concentrations. Validation of c-statistics was per-
formed using 2000 bootstrap (random) resamplings to calculate em-
pirical 95% confidence intervals (CIs) and by performing 10-fold
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cross-validation. Sensitivity and specificity were calculated to maxi-
mize the sum of the two values using receiver operating characteristic
(ROC) curves constructed with SAS 9.1 from the output of logistic
regression analysis fit with either CML, pentosidine, or CEP adducts
alone or in combination. C-statistics and p values comparing ROC
curves were determined with SAS 9.1. For association analyses of
combined effects of CML and pentosidine with CEP adducts, ORs
with 95% CI and Fisher exact p values were also calculated with SAS
9.1 software. Pearson’s correlation analysis in Minitab Release 15
(Minitab Inc.) was used to compare concentrations of AGE markers
with plasma donor age.

RESULTS

Elevated CML and Pentosidine in AMD Plasma—Fluorom-
etry and MRM tandem mass spectrometry coupled with two
LC separations were used to quantify plasma protein-bound
AGEs. MS/MS spectra used to identify high intensity product
ions for MRM monitoring of CML, pentosidine, argpyrimidine,
and the PEC internal standard are shown in supplemental Fig.
1. Representative extracted ion and fluorescence LC profiles
are shown for LC system 1 in supplemental Fig. 2 and for LC
system 2 in supplemental Fig. 3. MRM standard calibration
curves for CML and PEC and fluorescence calibration curves for
pentosidine exhibited excellent linearity (supplemental Fig. 4).

Plasma from a total of 32 control subjects and 58 AMD
patients was analyzed, including 27 early/mid-stage dry AMD
and 31 advanced AMD patients. Protein was quantified by
both PTC and AccQ�Tag amino acid analysis, yielding well

defined protein concentrations with excellent agreement be-
tween the amino acid analysis methods (�4% average differ-
ence). Amounts of CML and pentosidine in each HCl hydrol-
ysate were corrected based on the percent recovery of the
PEC internal standard that averaged 70.1 � 12.4 (mean �

S.D., n � 90). Overall AMD patients exhibited �54% higher
CML and �64% higher pentosidine concentrations relative to
control plasma (Fig. 1, A and B, and Table II). Comparison of
log-transformed values confirmed the results with p � 0.0001
for both AGEs. Mean variability averaged �36% relative
standard deviation (R.S.D.) for CML and �24% R.S.D. for
pentosidine (n � 90). Relative to early/mid-stage AMD, ad-
vanced AMD patients exhibited �9% higher CML (p � 0.35)
and �17% higher pentosidine (p � 0.06) (Table II). CML and
pentosidine autoantibody titers measured by ELISA were �9–
11% higher in AMD patients; however, these differences were
not statistically significant (Fig. 1, C and D).

Correlation of CML and pentosidine concentrations (Fig. 1,
E and F) showed both markers to be elevated above median
control levels in 84% of AMD patients (49 of 58) compared
with only 28% of controls (nine of 32). Logistic regression
modeling of the CML and pentosidine data for all AMD donors
yielded c-statistics (Table III) of 0.79 and 0.88, respectively.
This indicates that for a randomly selected AMD case and
healthy control, the case will have elevated CML 79% of the
time and elevated pentosidine 88% of the time. Small differ-

FIG. 1. CML and pentosidine are elevated in AMD plasma. CML (A) and pentosidine concentrations (B) quantified by LC-MS/MS and
LC-fluorometry from control (n � 32) and AMD (n � 58) plasma donors and autoantibody titers for CML (C) and pentosidine (D) quantified by
ELISA (32 control and 57 AMD plasma samples) are shown with median (E) results �first and third quartiles (Q1, Q3) and mean (‚) results
�S.D. p values (two-sided t test) were determined from log-transformed concentrations. Correlation between CML and pentosidine concen-
trations is shown for the control (E) and AMD (F) cohorts with horizontal and vertical dashed lines indicating median control values. Significantly
more donors with both CML and pentosidine elevated are apparent in AMD patients than in the controls (upper right quadrants in E and F).

TABLE II
CML and pentosidine markers in control and AMD plasma

CML and pentosidine concentrations were determined by LC-MS and LC-fluorometry; protein was quantified by amino acid analysis.
Determined mean concentrations of CML expressed in fmol of CML/nmol of Lys were: control, 33.8 � 11.9; early/mid-stage AMD, 49.8 � 19.8;
advanced AMD, 54.6 � 17.4; and all AMD, 52.3 � 18.5. Determined mean concentrations of pentosidine expressed in fmol of pentosidine/nmol
of Lys were: control, 1.2 � 0.3; early/mid-stage AMD, 1.8 � 0.5; advanced AMD, 2.2 � 0.8; and all AMD, 2.0 � 0.7. The OR reflects the AMD
risk for donors exhibiting elevated levels of either CML or pentosidine markers relative to median control levels. The p values were determined
using the Fisher exact test. Odds ratios, 95% CI, and p values are based on log-transformed CML and pentosidine concentrations.

n
CML

(pmol/mg protein)
CML elevated

above control median

Mean � S.D. Median (Q1, Q3) Odds Ratio 95% CI p value

Control 32 27.9 � 10.0 26.7 (19.7, 34.7) 1 Reference
Early/mid-stage AMD 27 41.0 � 16.1 39.6 (28.4, 57.3) 2.9 1.0, 8.6 0.068
Advanced AMD 31 44.8 � 14.0 43.3 (35.5, 48.6) 30.0 3.6, 247.3 �0.0001
All AMD 58 43.0 � 15.0 42.0 (34.7, 51.0) 6.3 2.3, 17.3 �0.0001

n
Pentosidine

(pmol/mg protein)
Pentosidine

elevated above control median

Mean � S.D. Median (Q1, Q3) Odds Ratio 95% CI p value

Control 32 1.00 � 0.25 0.93 (0.84, 1.02) 1 Reference
Early/mid-stage AMD 27 1.51 � 0.41 1.48 (1.22, 1.82) 8.0 2.0, 32.0 0.002
Advanced AMD 31 1.76 � 0.59 1.71 (1.34, 1.99) 14.5 3.0, 71.2 �0.0001
All AMD 58 1.64 � 0.53 1.59 (1.29, 1.92) 10.6 3.4, 33.5 �0.0001
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ences in c-statistics were observed between early/mid-stage
AMD and advanced AMD with slightly higher values obtained
for advanced stage disease. Bootstrap resampling and 10-
fold cross-validation verified all c-statistics and 95% CIs (Ta-
ble III). Risk of AMD was estimated by OR for donors with
elevated CML and pentosidine (Table II). For all AMD, the data
generated OR � 6.3 for CML and OR � 10.6 for pentosidine;
ORs for advanced AMD were greater than for early/mid-stage
disease. Each OR exhibited a large CI (Table II), indicating that
these are preliminary estimates that lack precision.

Plasma CEP Adducts and Autoantibodies in the Study Pop-
ulation—CEP plasma biomarkers offer potential utility in as-
sessing AMD susceptibility (11), therefore it was of interest to
compare CEP biomarkers with CML and pentosidine. In this
study population, mean CEP adduct levels were �86% higher
(p � 0.0001), but mean CEP autoantibodies were not signifi-
cantly higher in AMD plasma (p � 0.84) (Fig. 2, A and B). CEP
autoantibody titers were higher than CML and pentosidine
autoantibody titers in the AMD cohort, but none were signif-
icantly elevated relative to the control cohort. Correlation of
CEP adducts with CML and pentosidine (Fig. 2, C and D)
shows that all three oxidative protein modifications were ele-
vated 69–74% above median control levels. Predicted risk of
AMD yielded OR � 13.9 (95% CI, 4.9, 39.7) for pentosidine
plus CML, OR � 20.1 (95% CI, 6.5, 62.2) for CML plus CEP
adducts, and OR � 5.7 (95% CI, 2.2, 14.9) for pentosidine
plus CEP adducts. Again the large confidence intervals indi-
cate that the ORs are elevated but lack precision.

AMD Discriminatory Capability of Plasma CML, Pentosi-
dine, and CEP Adducts—Sensitivity and specificity measures
were determined with ROC curves from all AMD cases and
controls for CML, pentosidine, and CEP adducts alone and for
the combined markers (Table IV). Calculated to maximize the
sum of the two values, the sensitivity of CML or pen-

tosidine alone were the same (84%) and greater than for CEP
(67%) alone. The specificities of pentosidine (88%) and CEP
(81%) alone were higher than that for CML alone (72%). The
area under the ROC curve (c-statistic) is a measure of the
overall discriminating accuracy of the markers, and compar-
ison of c-statistics suggested no significant difference in dis-
criminatory accuracy between CEP (�78%) and CML (�79%)
alone (p � 0.90) and between pentosidine and CEP alone (p �

0.10); however, pentosidine exhibited significantly higher dis-
crimination accuracy (�88%) than CML (p � 0.05). c-statis-
tics for the joint effect of combined markers were verified by
bootstrap resampling and by 10-fold cross-validation. Com-
parison of c-statistics for combined markers suggested no
significant difference in discriminatory accuracy between CEP
plus CML (�87%) versus either marker alone (p � 0.1) or
between CEP plus pentosidine (�92%) versus pentosidine
alone (p � 0.2). However, CEP plus pentosidine appeared to
be a better discriminator than CEP alone (p � 0.02), and CML
plus pentosidine (�89%) may be a better discriminator than
CEP alone (p � 0.06). These results suggest that the use of all
three biomarkers may provide the best approach to a prog-
nostic test for AMD.

The Influence of Demographic and Health Factors on
Plasma CML and Pentosidine—Comparisons by donor age
revealed that CML concentrations increased gradually with
age in both control and AMD donors (Fig. 3A) and that AMD
patients exhibit significantly higher mean levels of CML than
controls at all ages (Fig. 3B). Mean pentosidine increased
gradually with age in AMD donors, remained stable with age
in controls (Fig. 3C), and was higher in AMD than in control
plasma at all ages analyzed (Fig. 3D).

A comparison of plasma protein CML and pentosidine con-
centrations by gender and health history is shown in Fig. 4,
including smoking, hypertension, hyperlipidemia, diabetes,

TABLE III
C-statistics for CML and pentosidine

The c-statistic and 95% CI were determined by a logistic regression model fit with log-transformed CML and pentosidine concentrations as
independent variables and was validated by bootstrap resampling and 10-fold cross-validation.

CML

n
Total Bootstrap

validation
10-Fold

cross-validation

Estimate 95% CI Estimate 95% CI Estimate 95% CI

Control 32
Early/mid-stage AMD 27 0.74 0.60, 0.87 0.74 0.59, 0.87 0.71 0.57, 0.84
Advanced AMD 31 0.84 0.74, 0.94 0.85 0.74, 0.94 0.82 0.71, 0.93
All AMD 58 0.79 0.70, 0.89 0.80 0.69, 0.89 0.78 0.68, 0.88

Pentosidine

n
Total Bootstrap

validation
10-Fold

cross-validation

Estimate 95% CI Estimate 95% CI Estimate 95% CI

Control 32
Early/mid-stage AMD 27 0.87 0.80, 0.98 0.88 0.79, 0.97 0.86 0.75, 0.96
Advanced AMD 31 0.94 0.89, 0.99 0.95 0.88, 0.99 0.93 0.87, 0.99
All AMD 58 0.88 0.81, 0.95 0.89 0.80, 0.95 0.87 0.79, 0.94
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and cardiovascular disease. For each comparison, significant
differences in CML and pentosidine concentrations were ob-
served between AMD and control donors. The detection of
differences within the AMD and control cohorts was limited by
sample size particularly for the control cohorts, and no signif-
icant differences in CML concentrations were detected within
any of the cohorts. Small but significant differences were
detected in pentosidine levels within two of the AMD cohorts.

Specifically mean pentosidine levels were higher in AMD pa-
tients with hypertension and cardiovascular disease.

Because diabetes is such a prevalent disease and because
both CML (30, 31) and pentosidine (32, 33) have been re-
ported to be elevated in diabetic plasma, we considered the
possibility that undiagnosed diabetes in our study group con-
tributed to the observed CML and pentosidine concentra-
tions. For this purpose we quantified plasma protein fructosyl-

FIG. 2. Correlation between CML, pentosidine, and CEP adducts in AMD plasma. Plasma CEP adduct concentrations (A) and CEP
autoantibody titers (B) quantified by ELISA from control (n � 32) and AMD donors (n � 54) are shown with median (E) results �first and third
quartiles (Q1, Q3) and mean (‚) results � S.D. p values (two-sided t test) were determined from log-transformed concentrations. Correlation
between CML and CEP adduct concentrations (C) and between pentosidine and CEP adduct concentrations (D) are shown with horizontal and
vertical dashed lines indicating median control values. Odds ratios for AMD risk and 95% confidence intervals were determined based on two
markers elevated relative to the median control values; p values were determined using the Fisher exact test.
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lysine as furosine, a marker of early glycation, in all donor
samples (Fig. 5) as shown by the representative furosine
amino acid analysis chromatograms in supplemental Fig. 5.
Protein quantification from the furosine analyses was in good
agreement with previous amino acid analyses of these sam-
ples (average quantitative difference, �1.7%; n � 90). The
average concentration of plasma protein furosine was 1.03 �

0.11 pmol/�g in normal controls (n � 32), 1.03 � 0.09
pmol/�g in non-diabetic AMD donors (n � 53), and 1.24 �

0.05 pmol/�g in previously diagnosed diabetic AMD patients
(n � 5). No difference was found in mean furosine concentra-
tions between controls and non-diabetic AMD patients; how-
ever, the five diabetic AMD donors exhibited �20% higher
furosine levels than the controls.

DISCUSSION

CML is a lysine modification, and pentosidine is a fluores-
cent lysine-arginine cross-link, and both are formed through
the ubiquitous Maillard reaction, which combines sugar car-
bonyls with primary amino groups to form glycated residues
called Amadori products. Amadori products undergo subse-
quent reactions including intramolecular rearrangements and
oxidative fragmentations to produce heterogeneous modifi-
cations that are collectively known as AGEs. Extracellular
matrix proteins like collagen are particularly susceptible to

AGE modification because of slow turnover rates; tissue and
circulating AGE levels are higher in smokers and in those on a
high AGE diet (21). AGE formation can lead to a myriad of
effects, including altered protein function and activation of
intracellular signaling pathways. Previous studies have impli-
cated AGEs in the pathogenesis of AMD (4, 5, 7, 18, 19) as
well as other age-associated diseases, including atheroscle-
rosis, arthritis, Alzheimer disease, and diabetic complica-
tions (21, 30–36). Notably AGE formation and diabetic ret-
inopathy in rodents have been reduced or prevented by
treatment with pyridoxamine (37), a derivative of vitamin B6,
and the risk of AMD in women (38) has been reduced by
treatment with vitamin B6 (in combination with folic acid and
vitamin B12).

The purpose of this study was to discover biomarkers for
assessing AMD risk and susceptibility. We hypothesized that
CML and pentosidine could be elevated in plasma proteins
based on similar histological localization of CML, pentosidine,
and CEP in Bruch membrane and drusen and the fact that
CEP adducts are elevated in AMD plasma (11). Other direct
evidence of oxidative damage in AMD tissues in addition to
CML (4) and CEP (6, 9, 11) includes elevated levels of gly-
coaldehyde-derived AGEs in the RPE and photoreceptor cells
in early and advanced dry AMD (7); 4-hydroxynonenal, acro-
lein, nitrotyrosine, and the DNA modification 8-hydroxy-2�-

TABLE IV
Sensitivity and specificity of CML, pentosidine, and CEP adducts

Sensitivity and specificity were determined from ROC curves to maximize the sum of the two values and constructed from the output of
logistic regression analysis fit with either CEP adduct, CML, or pentosidine concentrations alone or in combination. The concentration of CML
was expressed in nmol/ml, and pentosidine and CEP adducts were expressed in pmol/ml. C-statistics, 95% CI, and p values derived from
single and joint markers were determined with SAS 9.1 based on log-transformed marker concentrations. Verification of c-statistics and 95%
CI was performed by bootstrap resampling and 10-fold cross-validation. The c-statistic is a measure of the area under the ROC curve and of
the accuracy of the markers to discriminate between AMD cases and controls with 1.0 equivalent to 100% accuracy and 0.5 equal to no
discrimination.

Markers alone

CEP adducts CML Pentosidine

Sensitivity (%) 67 84 84
Specificity (%) 81 72 88
c-statistic 0.78 0.79 0.88
95% CI 0.68, 0.88 0.70, 0.89 0.81, 0.95
c-statistic (bootstrap validation) 0.79 0.80 0.89
95% CI (bootstrap validation) 0.67, 0.87 0.69, 0.89 0.80, 0.95
c-statistic (10-fold cross-validation) 0.76 0.78 0.87
95% CI (10-fold cross-validation) 0.66, 0.86 0.68, 0.88 0.79, 0.94
p value 0.90 (vs. CML) 0.05 (vs. pentosidine) 0.10 (vs. CEP)

Joint effect of markers

CML � pentosidine CEP � CML CEP � pentosidine

Sensitivity (%) 83 69 89
Specificity (%) 97 91 91
c-statistic 0.89 0.87 0.92
95% CI 0.81, 0.96 0.80, 0.94 0.86, 0.99
c-statistic (bootstrap validation) 0.90 0.88 0.93
95% CI (bootstrap validation) 0.82, 0.96 0.80, 0.94 0.86, 0.98
c-statistic (10-fold cross-validation) 0.87 0.86 0.90
95% CI (10-fold cross-validation) 0.80, 0.95 0.78, 0.93 0.83, 0.98
p value 0.06 (vs. CEP) 0.10 (vs. CML) 0.20 (vs. pentosidine)

0.13 (vs. CEP) 0.02 (vs. CEP)
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deoxyguanosine in advanced dry AMD retina (8); and nitro-
tyrosine in AMD plasma (10). Recently fluorescent AGEs
were elegantly demonstrated in human RPE, Bruch mem-
brane, and choroidal extracellular matrix, and RPE grown in
vitro on AGEs was shown to contain increased lipofuscin
(39), which accumulates in AMD with potential adverse con-
sequences (40). Notably RAGE belongs to the family of
multiligand, pattern recognition receptors associated with
AMD pathology (41–47) and appears to mediate AGE-in-

duced damage of RPE cells in vitro (7) and of neurons in vivo
(48).

In the present study of 58 AMD and 32 control subjects, we
found mean CML and pentosidine to be significantly elevated
in AMD plasma proteins over a broad age range and in those
with early/mid-stage dry AMD. Comparison of early/mid-
stage AMD with advanced AMD donors revealed no signifi-
cant difference in CML concentrations; however, the average
pentosidine plasma protein level was �17% higher in ad-

FIG. 3. Plasma CML and pentosidine by donor age. Plasma protein CML (A) and pentosidine (C) levels in the control (n � 32) and AMD
(n � 58) cohorts are shown plotted by donor age. Pearson’s correlation analysis revealed gradual increases with age for CML in both control
and AMD donors and for pentosidine in AMD donors. Control donors exhibited little change in pentosidine levels with age. Plasma protein CML
(B) and pentosidine (D) levels in control and AMD donors are plotted by age group, including 51–60 years (y) (control, n � 1; AMD, n � 3), 61–70
years (control, n � 12; AMD, n � 18), 71–81 years (control, n � 18; AMD, n � 28), and �81 years (control, n � 1; AMD n � 9). -Fold differences
in CML and pentosidine concentrations are indicated between control and AMD groups. Asterisks reflect p values from a two-sample t test (***,
p � 0.001). Error bars reflect standard deviation.
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vanced AMD (p � 0.06), suggesting that analysis of larger
cohorts could reveal a significant difference with disease pro-
gression. Mean CEP adducts were elevated 86% in the AMD

cohort (p � 0.0001), but autoantibody titers for CEP, CML,
and pentosidine were not elevated significantly. The CEP
autoantibody results differ from our previous report (11) where
mean levels were elevated �30% (p � 0.0001). This discrep-
ancy is due in part to sample size, which was smaller in the
present study (n � 86) compared with the previous study (n �

1404), and in part to the variability associated with the au-
toantibody ELISA procedure. The present analyses detected
no confounding influences regarding CML plasma protein
concentrations; however, pentosidine levels were significantly
higher in AMD donors with hypertension or cardiovascular
disease as found previously for CEP adducts (11). Epidemio-
logical studies have inconsistently associated hypertension
and cardiovascular disease with AMD (49). This preliminary
analysis involved relatively small AMD and control cohorts,
and further studies are warranted of demographic and health
factor influences and CML and pentosidine autoantibody
levels.

We quantified furosine, an acid hydrolysis product of fruc-
tosyl-lysine, because of its association with diabetic compli-
cations and other diseases (34–36). Control and non-diabetic
AMD plasma protein samples exhibited mean furosine con-
centrations of �1.0 pmol/�g of protein in excellent agreement
with reported values for non-diabetic plasma, i.e. 0.9–1.0
pmol of furosine/�g of protein (34–36). Except for five diag-
nosed diabetic AMD donors with mean furosine of 1.24 pmol/
�g, no other donor in the study population exhibited furosine

FIG. 4. Plasma CML and pentosidine concentrations stratified by demographic and health factors. Plasma protein CML and pento-
sidine levels in the AMD and control cohorts are plotted based on donor status with regard to gender, status of smoking, hypertension,
hyperlipidemia, diabetes, and cardiovascular diseases. Sample size per group is indicated, and asterisks reflect p values from a two-sample
t test of log-transformed marker concentrations (***, p � 0.001; **, p � 0.01; *, p � 0.05). F, female, M, male; S, smokers; NS, non-smokers;
w, with; w/o, without. Error bars reflect standard deviation.

FIG. 5. Furosine in AMD and control plasma. Fructosyl-lysine
concentrations quantified as furosine by amino acid analysis are
shown with median (E) �first and third quartiles (Q1, Q3) and mean
(‚) � S.D. Non-diabetic AMD and control plasma donors exhibited
�20% lower mean furosine levels than diabetic AMD donors. p values
(two-sided t test) were determined from log-transformed concentra-
tions. Error bars reflect standard deviation.
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	2 S.D. above the mean control level (i.e. 	1.25 pmol/�g).
Arguably furosine concentrations within 1 S.D. of the mean
diabetic level (i.e. �1.19 pmol/�g) might be suspect diabetics,
and five donor plasma samples in our study group fit this
criteria. For these three control and two AMD patients, CML
and pentosidine concentrations were �1 S.D. from the mean
control or AMD level, respectively, and medical records pro-
vided no indication that they were diabetics. These five
plasma samples also did not exhibit significantly altered CEP
adduct levels, consistent with our previous finding (11) that
CEP adducts are not elevated in AMD diabetic compared with
AMD non-diabetic plasma (from the analysis of 796 diabetic
and 130 non-diabetic AMD donors). Overall the furosine anal-
yses showed no unknown diabetics were present in the study
population and support an association between AMD pathol-
ogy and increased levels of plasma protein CML and
pentosidine.

The present results compellingly demonstrated higher CML
and pentosidine levels in AMD plasma proteins; therefore their
potential AMD biomarker efficacy was compared with each
other and with CEP adducts. Odds ratios for AMD risk based
on elevated CML (OR, 6.3; 95% CI, 2.3, 17.3) and pentosidine
(OR; 10.6; 95% CI, 3.4, 33.5) for all AMD cases suggest that
CML and pentosidine offer prognostic potential. However, the
large confidence intervals indicate that more analyses are
required to refine precision. Nevertheless these OR estimates
were greater than the OR based on elevated CEP adducts
(OR, 3.4; 95% CI, 1.3, 9.0). For comparison, elevated CEP
adducts and CEP autoantibodies combined yielded an OR of
3.2 (95% CI, 2.5, 4.0) for AMD risk in a larger study population
(n � 1404) (11). The area under the ROC curves (c-statistics)
suggest that CML and CEP adducts alone can discriminate
between AMD and control plasma donors with approximately
equal accuracy (�78–79%) and that pentosidine alone can
discriminate with higher accuracy (88%). C-statistics for joint
effect were increased relative to the single markers with sig-
nificant differences associated with pentosidine plus CEP, a
combination with better discrimination accuracy than CEP
alone (p � 0.02), and possibly with CML plus pentosidine
(�89%), a combination that also may be a better discriminator
than CEP alone (p � 0.06). Nevertheless all three markers may
offer the most accurate assessment of AMD risk.

For clinical usefulness, standardization of AGE measure-
ments is needed. Although pentosidine and CML are well
studied, comparison of AGE results across multiple studies
remains complicated by variations in sample preparation,
specimen storage, AGE assay methods, protein quantification
methods, and the array of formats used to report quantitative
AGE data (e.g. pmol/ml, pmol/mg of protein, fmol/nmol of Lys,
and mmol/mol of hydroxyproline, among others). In this study,
the variability of the LC-MS and LC-fluorometry measure-
ments for CML and pentosidine (�36 and �24% R.S.D.,
respectively) was significantly lower than the variability of
ELISA measurements for CEP adducts (�50–52% R.S.D.)

(11). The variability of ELISA-measured autoantibody titers for
CML, pentosidine, and CEP (11) was even greater (51–67%
R.S.D.) perhaps due in part to plasma storage time (i.e. 4–34
months) and possible antibody inactivation. In this study,
storage at �80 °C under argon in the presence of butylated
hydroxytoluene antioxidant probably had little impact on CML
and pentosidine because immediately upon thawing the
plasma protein was precipitated, washed, and hydrolyzed.
Protein was quantified by amino acid analysis using two
methods, yielding �4% average difference in amount per
method and �5% average R.S.D. per sample. Toward im-
proved methodological standardization, we suggest the use
of chromatographic rather than ELISA methods to measure
AGEs and the expanded use of amino acid analysis to quan-
tify protein and furosine.

Overall this study supports the hypothesis that AMD is a
systemic disease (15, 17) and demonstrates the potential
utility of plasma protein CML and pentosidine as biomarkers
for AMD risk or susceptibility, particularly in combination with
CEP. The statistical analyses suggest that plasma levels of
CML together with pentosidine discriminate between AMD
and control patients with 89% accuracy and that pentosidine
in combination with CEP adducts can discriminate with 92%
accuracy. However, factors potentially confounding plasma
protein CML and pentosidine as AMD biomarkers should not
be ignored. Concurrent monitoring of plasma protein furosine
provides an effective method to narrow the cause of in-
creased AGEs. When furosine, CML, and pentosidine are all
elevated, an accurate clinical assessment will require more
information. In such cases, CEP adduct levels could help rule
out diabetic complications because plasma CEP adducts are
elevated in AMD but not in diabetes (11). The present results
warrant a much larger investigation, both prospective and lon-
gitudinal, of clinical applications of plasma protein CML, pento-
sidine, and CEP as AMD biomarkers.
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