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OBJECTIVE—Increased advanced glycation end products (AGEs) and oxidation products
(OPs) are proposed to lead to progression of diabetic nephropathy (DN). We investigated the
relationship between AGEs, OPs, and progression of DN in 103 subjects with type 1 diabetes
participating in the Natural History of Diabetic Nephropathy Study.

RESEARCH DESIGN AND METHODS —Mean age of subjects was 17.6 * 7.4 years, and
mean duration of diabetes was 8.3 = 4.9 years. All patients were normoalbuminuric. Change in
glomerular basement membrane (GBM) width from baseline to 5 years, measured using electron
micrographs of renal biopsies, was our primary end point, and mesangial fractional volume was a
secondary end point. Fast progressors (FPs) were defined as those in the upper quartile of GBM
change, and the remaining patients were classified as slow progressors (SPs). AGEs (3-deoxy-
glucosone and methylglyoxal hydroimidazolones [MGHI]), carboxymethyl lysine (CML), car-
boxyethyl lysine (CEL), and OPs (methionine sulfoxide and 2-aminoadipic acid) were measured
atyear 5 by liquid chromatography/triple-quadruple mass spectroscopy on 10-K plasma filtrates.

RESULTS—We found that MGHI, CEL, and CML levels were significantly higher in FPs
relative to SPs. No product predicted mesangial expansion. A model containing only HbA,.
accounted for 4.7% of GBM width variation, with the total variability explained by the model
increasing to 11.6% when MGHI, CEL, and CML were added to the regression model (7.9%
increase). MGHI was a significant independent predictor of FP. Using a logistic regression model
to relate each biomarker to the probability of a subject’s classification as an FP, CML, CEL, and
MGHLI, but not HbA,, showed a significant relationship to the probability of FP.

CONCLUSIONS —The results suggest that these three major AGEs may be early indicators of
progression of important DN lesions.
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hen considering the high eco-
Wnomic and personal cost of

diabetes-related renal disease
worldwide, it is clear that better earlier
predictors of diabetic nephropathy (DN)
are needed. Identifying specific biochem-
ical biomarkers predictive of DN has the
potential to allow the identification of
patients at high or low risk of diabetes
complications during the earliest stages of
diabetes, when they are still preventable.

Although several large-scale studies
have clearly demonstrated that intensive
glucose control plays a role in preventing
or delaying diabetes complications (1,2),
effective new biomarkers for early detec-
tion of clinically evident kidney damage
have not been established (3—6). The cur-
rent major biomarker for progression of
DN, the appearance of albuminuria, often
is unable to identify those at greatest risk
during the long 10- to 20-year “silent
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phase,” during which evolving structural
damage is not otherwise clinically appar-
ent (7); by the time these markers become
positive, substantial glomerular damage
can already be present (8,9). HbA,. as a
tool to predict diabetes complications
also has significant shortcomings (10—
13), and this early chemical reaction
product (Amadori product) is unable to
detect the more complex advanced glyca-
tion/oxidation products that may induce
vascular damage. On the basis of the lim-
itations of the biomarkers used currently,
clinical treatment decisions have to be
made on the premise that all diabetic pa-
tients are equally susceptible to complica-
tions when early aggressive goals are
attempted in the treatment of glycemia.

The task of predicting DN is further
complicated by the variable propensity to
diabetes complications among individu-
als with diabetes (7,14,15). Although
poor glycemic control is clearly a risk fac-
tor (16) for DN, accelerated DN may oc-
cur in some individuals with modest
hyperglycemia, whereas others never
progress in spite of poor glycemic control
over many years (17,18). Studies of fam-
ilies show clustering of the risk of DN
(14,15,19,20), and there is concordance
for the severity and patterns of diabetic
glomerular structural lesions among pairs
of siblings with type 1 diabetes (T1DM)
(7). Further support for a variable re-
sponse of the kidney to hyperglycemia
comes from work showing that other
less well-defined variables, of equal or
greater importance to glycemia, strongly
influence nephropathy risk (21).

New insights into individual propen-
sity to DN is provided by the observations
that increased cellular production of
methylglyoxal, a highly reactive a-dicar-
bonyl, and increased oxidative stress oc-
cur in patients with rapid DN progression
(22-24) Since these dicarbonyl and oxi-
dative pathways ultimately result in the
formation of specific long-lived advanced
glycation and oxidative end products
(OPs) (25,26), which integrate the activ-
ity of precursor pathways over time, our
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hypothesis is that these products may
have the potential to predict DN. There-
fore, we have performed cross-sectional
analysis of the relationship between the
accumulation of these products and pre-
ceding rapid histologic change in glomer-
ular basement width in a unique study
population with T1DM (4,27,28).

RESEARCH DESIGN AND
METHODS

Study population
We used blood samples from 103 nor-
moalbuminuric subjects participating in
the Natural History of Diabetic Nephrop-
athy Study (NHDNS). This study was
designed to examine the early develop-
ment of DN in subjects with T1DM, as
determined by electron-microscopic
quantification of two research renal bi-
opsies performed 5 years apart (4,28).
The characteristics of this young popula-
tion with T1DM are shown in Table 1.
The primary renal end point in this
population was defined as change in
glomerular basement membrane (GBM)
width from baseline to 5 years, measured
using electron micrographs of renal bi-
opsies. Mesangial fractional volume was
measured as a secondary end point. Fast
progressors (FPs) were defined as patients
in the upper quartile (n = 24) of GBM thick-
ening, and slow progressors (SPs) com-
prised the remainder of the patients (n = 79).

Plasma sample processing

Plasma samples were collected at the 5-
year NHDNS visit by a rigorous protocol
where blood was collected in tubes con-
taining EDTA and immediately placed on
ice and centrifuged. Following centrifuga-
tion, plasma was immediately separated
from red blood cells, snap-frozen in dry
ice, and stored at —80°C until analyses
were performed. We performed analyses
on the plasma filtrate, prepared by

centrifugation through 10-K cutoff Ami-
con filters, using liquid chromatography/
triple-quadruple mass spectroscopy (LC-
MS/MS). This fraction contains both free
advanced glycation end products (AGEs)
and OPs as well as peptides of various
sizes, and our analytical method mea-
sured the free products as described
below.

Biomarkers measured

Nine AGEs and OPs were measured by
LC-MS/MS utilizing internal stable heavy
isotope substituted standards. An Agilent
model 6410 Triple Quadruple MS System
with a 1200 Rapid Resolution LC System
was used, and we have developed methods
for the concurrent quantitative measure-
ment of biomarkers indicative of protein
glycation, oxidation, and nitrosative dam-
age by employing a single 2.0 X 250-mm
Synergy 4 w 80 A column (Phenomenex,
Torrance, CA) with a mobile phase of
methanol/water gradient with 0.29% hepta-
fluorobutyric acid and a total analysis time
of 60 min.

AGEs measured included carboxy-
methyl lysine (CML), carboxyethyl lysine
(CEL), glyoxal hydroimidazolone (GHD),
methylglyoxal hydroimidazolone (MGHI),
and 3-deoxyglucosone hydroimidazolone
(3DGHI). CEL and MGHI are methyl-
glyoxal-derived AGEs of lysine and arginine,
respectively. OPs included methionine
sulfoxide (MetSO), 3-nitrotyrosine,
2-aminoadipic acid, and dityrosine.

Within-analysis variation

The within-analysis coefficient of varia-
tion for 10 consecutive runs for the same
plasma filtrate varied from 8.6% (MGHI)
to 11.6% for GHL

Stability of stored AGEs and OPs
over time

We initially analyzed the mean levels of
our AGEs and OPs in NHDNS plasma

Table 1—Characteristics of the NHDNS population (n = 103) at baseline

Characteristics

Age (years)

Diabetes duration (years)

Mean albumin excretion rate (ug/min)
Mean HbA ., % (mmol/mol){

Glomerular filtration rate (mL/min/1.73 m?)
Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

176 £ 7.4

83 *49

6.5 83

8.6 = 1.3 (70 £ 10.6)
146 = 23

115 = 11

63 =9

Values are shown as mean * SD. tMean HbA, . did not change significantly {from baseline to 5 years.

Beisswenger and Associates

samples stored at —80°C for 10 years
and compared these results with freshly
drawn and prepared plasma samples from
6 young subjects with TIDM. Even for
products sensitive to oxidative stress,
such as MetSO, these analyses showed
similar mean levels of both AGEs and
OPs (data not shown).

Statistical analyses

Both continuous and categorical statisti-
cal methods were used to investigate the
relationships between the AGEs/OPs and
nephropathy progression based on the 5-
year change in GBM width and mesangial
fractional volume.

Linear regression analyses including
each biomarker as a continuous covariate
were fit to data from 103 participants.
Both simple linear and multiple linear
regression analyses were performed, in-
cluding the last HbA, ., diabetes duration,
and sex as multiple regression covariates
when analyzing GBM; age was added to
this list for analyses of change in mesan-
gial expansion score, defined as the
change in mesangial fractional volume
factored for the time between baseline
and follow-up biopsies. Parametric t tests
(parametric) and nonparametric Wilcoxon
rank-sum analyses were used to compare
levels of AGEs and OPs in FP and SP
groups.

Using logistic regression, we also de-
veloped predictive equations relating
each biomarker to the probability of
classification as FP of nephropathy.
CML and MGHI values were log trans-
formed when used as predictors. On each
plot we could determine the intersection
between an observed value and the prob-
ability of a subject showing a greater
degree of progression of DN over 5 years.
We also determined the odds ratio (OR)
for a 1-SD difference in CML, CEL, and
MGHI as well as HbA;.. These are dis-
played as forest plots.

RESULTS

Changes in renal histology

occurred early

Analyses of the baseline data from the
NHDNS cohort have shown that biopsy
changes consistent with early DN lesions
could present within a few years of the
onset of T1DM, well before clinical evi-
dence of their presence is discernible, and
that these baseline structural changes are
predictive of the later development of
persistent microalbuminuria (29).

care.diabetesjournals.org
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Three AGE biomarkers were
significantly higher in FPs

As shown in Table 2, MGHI, CEL, and
CML levels were significantly higher in
GBM-defined FP relative to SP. The other
AGE and oxidative biomarkers measured
(GHI, 3DGHI, MetSO, and 2-aminoadipic
acid) were not associated with DN progres-
sion (Table 2). Levels of 3-nitrotyrosine
and dityrosine were below the limits of de-
tection. No AGE or OP predicted mesangial
expansion.

AGE biomarkers add to the
predictive value of the regression
model

Further regression analyses exploring the
value of these three biomarkers (MGHI,
CEL, and CML) in retroactively predict-
ing early DN found that HbA, . at year 5
accounted for 4.7% of the variation in
GBM width (R?), and the proportion of
variation in GBM width accounted for
by the model increased to 11.6% when
MGHI, CEL, and CML were added (7.9%
increase). MGHI was also a significant in-
dependent predictor of GBM increase in
this analysis.

Logistic regression models of

FP and SP of DN using the three
informative AGE biomarkers

and HbA, .

We used a logistic regression model to
develop optimal predictive equations re-
lating each biomarker to the probability
of a subject’s classification as an FP. CML
and MGHI values were log transformed
for the statistical analysis but then back-
transformed when creating the predictive
probability plots shown in Fig. 1. For
each biomarker, but not for HbA;. (P =
0.28), there was a significant relationship
to the probability of classification as an FP
(Fig. 1). For CML, CEL, and MGHI, but
not HbA,. (P=0.28), we noted significant
relationships between the levels of the

biomarkers and the probability of a sub-
ject being in the FP group, with P values of
0.02, 0.03, and 0.048, respectively. On
each plot, as noted in Fig. 1, we could
also determine the intersection between
an observed value and the probability
of a subject being in the FP group. Thus,
using CEL as an example, a value of 0.3
nmol/L could be translated into a 10% FP
risk of DN, whereas a value of 0.9 nmol/L
is associated with a 50% risk.

Using this logistic regression model
we also determined the OR for a 1-SD
difference in the three biomarkers of in-
terest as well as HbA .. The ORs for FP for
CEL (1.72), MGHI (1.68), and CML (1.95)
were statistically significant; this was not
the case for HbA;. (1.29) (Table 3). For
example, a 1-SD increase in CEL would
lead to a 1.72-fold increase in the odds of
being in the FP group. This analysis is
shown as forest plots in Fig. 2, with dem-
onstrated significance achieved for CEL,
CML, and MGHI but not HbA; ..

Are FP or SP groups being
identified?

To address this question, we looked at the
percentage of FPs and SPs in the lower
tertile of values for CML, CEL, and MGHI.
For the lower tertile the cutoff values were
<0.062 nmol/L (0.033-0.062) for CML,
<0.042 nmol/L (0.020-0.042) for CEL,
and <0.103 nmol/L (0.030-0.103) for
MGHI. We found that the majority
(94%) of subjects (30 of 32) in each lower
tertile subgroup fell into the category of
being protected from DN.

CONCLUSIONS —These studies show
that the levels of three specific plasma
biomarkers are significantly higher in FPs
than in SPs, as documented by biopsy,
and that these AGE biomarkers together
have additive predictive value concurrent
with HbA;.. More specifically, HbA;, at
year 5 accounted for 4.7% of the variation

in GBM width (%), while the proportion
of variation in GBM width accounted for
by the model increased to 11.6% when
MGHI, CEL, and CML were added (7.9%
increase). We also observed that MGHI
was a statistically significant independent
predictor of GBM increase.

The predictive value of these three bio-
markers was further explored by using a
logistic regression model, where equa-
tions relating each biomarker to the
probability of classification as FP, defined
as the upper tertile of the rate of increase
in GBM width, were developed. Using this
logistical regression model we have shown
that CEL, MGHI, and CML correlate sig-
nificantly with (predict) FP, whereas HbA, .
does not.

It should also be pointed out that all
biomarkers were measured at the 5-year
point and not at baseline. At this point the
degree of progression or nonprogression
of DN was apparent on the biopsies, and
the accumulation of long-lived AGEs had
occurred proportional to the degree of GBM
change. Therefore, the use of the term pre-
diction needs to be qualified since CML,
CEL, and MGHI retroactively showed sig-
nificant associations with the change in
GBM width over the previous 5 years, sug-
gesting the possibility that these three AGEs
reflect the preceding pathogenetic pro-
cesses involved in GBM thickening,

Since two of the three predictive
biomarkers are end products of methyl-
glyoxal (CEL and MGHI), these outcomes
support a role for elevated methylglyoxal
levels in the development of DN, which is
consonant with increased cellular pro-
duction of methylglyoxal in DN progres-
sors that we and others (22) have
observed. Since the OPs measured in
these studies were not predictive, an as-
sociation of oxidative stress in DN pro-
gression, as proposed by others, was not
confirmed (30). Since CML formation re-
sults from both glycation and oxidation

Table 2—Plasma “free fraction” biomarker levels in FPs and SPs based on rates of GBM thickening over 5 years

Biomarker (pmol/L) FP (mean = SD) SP (mean * SD) P value* Progressors/nonprogressors (1)
CML 0.088 = 0.022 0.075 £ 0.023 0.003 24/79
Glyoxal hydroimidazolone 0.013 * 0.001 0.013 % 0.002 0.16 24/79
MGHI 0.200 %= 0.099 0.165 %= 0.127 0.04 24/79
CEL 0.058 = 0.015 0.049 £+ 0.015 0.026 24/79
3DGHI 0.382 = 0.154 0.330 = 0.156 0.28 24/79
MetSO 0.931 £ 0.304 0.979 = 0.348 0.97 24/79
2-Aminoadipic acid 1.50 = 0.45 1.46 = 0.63 0.29 24/79

Boldface values are those that were significantly higher in FPs. *Wilcoxon rank sum test.
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Figure 1—A logistic regression model was used to develop predictive equations relating each biomarker to the probability of a subject’s classification
as FP of DN. CML and MGHI values were log transformed when used as predictors and then back-transformed when creating predictive probability
plots. For the three biomarkers (CML [panel B], CEL [panel Cl, and MGHI [panel D]), but not for HbA; . (panel A) (P =0.28), measured at the same
time, there was a significant relationship with the probability of classification as an FP (CML P = 0.02; CEL P = 0.03; MGHI P = 0.048). For HbA,_,

the relationship was significant when fit to the entire sample (n = 186) over 5 years (P = 0.006).

(31), however, it is possible that correlation
of this AGE with GBM thickening also re-
flects some role for oxidative processes.
The method of collection, storage,
and processing of samples is important

Table 3—ORs for prediction of DN
progression™

Measure OR 95% Cl

HbA,, 1.29 0.82-2.02
Log (CML) 1.95 1.14-3.35
CEL 1.72 1.06-2.77
Log MGH1) 1.68 1.01-2.81

*The ORs (and 95% Cls) are shown for a 1-SD
change in the three informative biomarkers (CML,
CEL, and MGHI) and HbA,. calculated from the
logistic regression model.

because improper handling can lead to
artifactual oxidation, as we found for
MetSO, which was elevated in serum
samples from this study that were not col-
lected or stored per protocol. This effect
was not observed, however, in appropri-
ately processed plasma samples used in
this study. We chose to measure our bio-
markers in the plasma 10-K filtrate, which
contains both free AGEs and OPs as well
as peptides, although our assay measured
only the “free fraction,” which represents
breakdown products released into plasma
by proteolytic digestion of chemically
modified tissue proteins. Therefore,
changes in plasma concentrations of free
AGEs and OPs have been chosen as our
primary analytical end point, since they
have been shown to reflect generalized
tissue damage in diabetes (26). We also

considered measuring protein-bound
AGEs and OPs produced by sequential
digestion of plasma with multiple proteo-
lytic enzymes (26) but decided not to be-
cause our preliminary studies showed
only modest increases in biomarker levels
in diabetic patients versus controls rela-
tive to that seen for the 10-K filtrate. We
also decided not to measure urinary
AGEs and OPs because of the confound-
ing effect of widely varying renal clear-
ance of products previously observed
(25), leading to poor correlation with
plasma levels.

Only a single plasma sample col-
lected and processed by a rigorous pro-
tocol was analyzed in this study. Finding
correlation of specific AGEs in this single
plasma sample with progression of an
important DN lesion suggests, but by no

care.diabetesjournals.org
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Figure 2—A forest plot of the ORs (and 95%
CIs) for a 1-SD change in the three informa-
tive biomarkers (CML, CEL, and MGHI) and
HDbA,., as calculated from the logistic re-
gression model. For example, a 1-SD increase
in CEL would lead to a 1.72-fold increase in the
odds of being in the FP group. The P values for
these plots are associated with those shown in
Fig. 1.

means assures, that even stronger pre-
dictive value could have been obtained
with multiple samples collected over a
few years. This question of increased
predictive value when studied over lon-
ger time periods will be an important one
to address in future studies. At this point
we cannot tell if the three informative
AGEs play a causative role in DN progres-
sion or reflect turnover of increased tissue
stores of these AGEs, but considering that
there is substantial evidence that AGEs
can play a pathogenic role in vascular
damage (32-34), the former is possible.
There has been considerable interest in
the relationship between AGEs and the
development of DN, and an excellent re-
view has summarized the outcomes of the
relevant studies (34). In general these
studies differ from that reported here in
that limited numbers of AGEs and OPs
were quantified, and more advanced ne-
phropathy was usually present at the time
of measurement of AGEs or OPs. We be-
lieve that this makes it unlikely that our
results are influenced by albuminuria or
impaired renal function and that our re-
sults relate primarily to the presence or
absence of clear early, phenotypic, diabe-
tes-related changes in kidney structure as
opposed to most other studies, which
showed that renal impairment or leakage
of protein into urine can independently in-
fluence biomarker levels.

CML levels in skin collagen sampled
at the end of the Diabetes Control and
Complications Trial (DCCT) were shown
to correlate with later development of DN
(35), but our approach does not require
such an invasive procedure to obtain tis-
sue. Our outcomes also differ from those

of Perkins et al. (36), who paradoxically
observed significant increases in plasma
free fraction CML, GHI, 3DGHI, and
MetSO in normoalbuminuric diabetic
subjects relative to those with established
microalbuminuria.

We used increased GBM width as our
primary renal end point, since increased
GBM width has been shown to be the
earliest structural indicator of progression
of nephropathy to microalbuminuria in
the overall NHDNS study population
(29). Since changes in mesangial frac-
tional volume are, on average, minimal
in the first =15 years of TIDM, it did
not serve as an early structural predictor
of progression to microalbuminuria (37).

Clearly, we need better predictors of
DN. Microalbuminuria is currently the
most commonly used predictor of DN
risk, but it has been recognized that
~40% of patients with longstanding di-
abetes at risk for DN will have normal
urinary albumin when initially screened,
there is an imprecise correlation between
the degree of DN proven by biopsy and
the level of microalbuminuria, and ne-
phropathy may already be advanced by
the time microalbuminuria develops
(38). Furthermore, only about 30% of pa-
tients with TIDM and microalbuminuria
will progress to macroalbuminuria (39).
Repeated measure of HbA;. has proven
useful in predicting diabetic microvascu-
lar complications in large outcome stud-
ies (1), but it also has shortcomings as an
early predictor of DN, including its esti-
mation of average blood glucose over
only a relatively short 3-month time pe-
riod and its inability to fully reflect most
of the key chemical pathways that pro-
duce complications (30).

More widespread clinical use of new
biomarkers such as those identified in the
studies reported here could allow early
individualized treatments to prevent dia-
betes complications by identifying those
at high or low risk of complications dur-
ing the earliest stages of diabetes. This
identification could allow us to select
risk- and cost-appropriate therapeutic
regimens to achieve appropriate levels of
glycemic control in individuals destined
to develop early and more severe pathol-
ogy. Important information on basic bio-
chemical mechanisms and pathways
responsible for diabetes complications
provided by these studies could also stim-
ulate the development of novel therapeu-
tic approaches that could modify
offending chemical pathways to delay or
arrest DN.
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