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Advanced Oxidation Protein Products
and Advanced Glycation End Products
in Children and Adolescents With Chronic

Renal Insufficiency
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Objective: Advanced oxidation protein products (AOPPs) represent dityrosine-containing cross-linked protein
modifications formed mainly via myeloperoxidase reaction, supposed to accelerate the uremia-associated athero-
genesis and renal fibrosis.

Design, Subjects, and Main Outcome Measures: In a cross-sectional study, we investigated the accumulation
of AOPPs and advanced glycation end product (AGE)-specific fluorescence corrected for albumin in children and
adolescents with chronic renal failure (CRF, n = 42), end-stage renal disease (ESRD, n = 12), kidney transplanted
patients (Tx, n = 16), and age-matched healthy controls (n = 38).

Results: AOPP levels were 2.4-fold higher in the CRF and ESRD patients, and 1.6-fold higher in the transplanted
subjects when compared with the controls (P < .001). In comparison with healthy controls, AGE levels rose 2-fold in
the CRF, 7-fold in the ESRD, and 5-fold in the kidney transplanted children and adolescents, (P < .001). Patients with
cardiovascular affliction presented with higher AGE levels than those without diagnosed cardiovascular disease (P <
.02). In patients with stabilized renal function, AOPP and AGE levels did not change significantly during 12 months.

Conclusion: Pattern of accumulation of AOPP and AGE in children and adolescents with chronic renal disease
differs. Accelerated rise in AOPP levels in some children and adolescents in predialysis stage of chronic renal insuf-

ficiency, inadequate to deterioration of renal function, might require further attention.
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DVANCED OXIDATION PROTEIN
products (AOPPs) are dityrosine-containing
and cross-linking protein products formed mainly
during oxidative burst of monocytes via myeloper-
oxidase reaction.'” Plasma AOPPs are mainly
carried by albumin (“Alb,” hereafter)." In the adults
with chronic renal insufficiency (CRI), AOPPs
accumulate proportionally with the decline in renal
function.' "

AQOPPs are not innocent end products of activa-
tion of macrophages: they are biologically active
molecules capable of mediating oxidative stress and
respiratory burst in monocytes." They are capable
of inducing/accelerating renal injury: in the tubular
cells, via the CD36 pathway,5 and in vascular endo-
thelial cells, via a receptor for advanced glycation
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end-products (RAGE)-mediated signaling path-
way.’ In the rat model of streptozotocin-induced di-
abetes, they promote renal inflammation through
activation of renal NADPH oxidase.” In the rem-
nant kidney model, AOPPs induce renal fibrosis
via a redox-sensitive inflammatory pathway.® Acting
as potent high-density lipoprotein receptor antago-
nists, AOPPs may contribute to the abnormal com-
position of high-density lipoprotein, and thus to
high cardiovascular risk factor in patients with
CRI1’

Decrease in renal function is also associated
with the accumulation of advanced glycation
end products (AGEs),"” formed either via Mail-
lard reaction or, alternatively, under the condi-
tions of enhanced oxidative and carbonyl
stress.'" AGEs are supposed to be involved directly
or indirectly in pathogenesis of various diseases,
among others are chronic renal failure and its
complications. '’

At least 2 independent groups studied the accu-
mulation of AGEs in children and adolescents
with CRL'*" To our best knowledge, the acc-
umulation of AOPPs in children and adolescents
has not been so far reported.

We studied the pattern of AOPP accumulation
in children and adolescents with deteriorated renal
function and compared it with that of the AGE.
We determined AGE-specific fluorescence of
plasma, as it reflects a group of substances, notasin-
gle one: accumulation of AGEs and AOPPs has
been simultaneously studied in adult patients
with CRI,' and formerly, we compared AGE
accumulation pattern in children and adolescents
and adults with CRI."

Material and Methods

The study was carried out according to the
Declaration of Helsinki, after the approval of the
protocol by the Ethics Board of PJS University
Medical Faculty (Kosice, Slovakia). Written in-
formed consent was obtained from the participants
or their legal representatives.

Patients

We investigated 42 children and adolescents (12
females/30 males) with chronic kidney disease
(CKD) who thus far did not require dialysis,
12 children and adolescents (8 females/4 males)
with end-stage renal disease (ESRD) on renal re-
placement therapy with dialysis, and 16 children

and adolescents (9 females/7 males) who had suc-
cessful kidney transplantation 5.6 = 5.3 years ago.
Age range of the subjects was 1 to 24 years. The
underlying diseases were congenital anomalies of
the kidney and urinary tract (n = 12), hereditary
nephropathy (n = 18), and acquired nephropathy
(n = 40).

Eight patients were hemodialyzed and 4 were
treated by peritoneal dialysis for a mean of 3.0 =
2.6 years. Transplanted patients were treated with
triple combination of prednisone/cyclosporine A
or tacrolimus/mycophenolate mofetil. Twenty-
two CKD patients with nephrotic syndrome re-
ceived prednisone. Twenty-four patients (8 from
each group) presented with uremia-associated car-
diovascular disease (CVD, 42% suffered from
hypertension; 7% and 16%, from systolic and dia-
stolic dysfunction, respectively; 35% had left ven-
tricle hypertrophy; and in 2 patients, intravascular
calcification had been diagnosed). In 8 ESRD
patients and 7 transplanted patients, AGE and
AOPP levels were reevaluated after 12 months of
follow-up.

Thirty-eight healthy age- and sex-matched
children and adolescents served as the control
group. Basic characteristics of the cohorts are
given in Table 1.

Methods

Blood was withdrawn from fasting subjects,
except for hemodialyzed patients whose blood was
sampled before dialysis. Plasma creatinine, Alb,
and C-reactive protein (CRP) were determined
by standard laboratory methods. Creatinine clear-
ance was calculated.”” Plasma samples were frozen
at —80°C until analysis of AOPPs (photometrically,
according to Witko-Sarsadt et al)),' and AGE-
specific fluorescence according to Munch et al.'

Statistical Analyses

Data were tested for normality and equality of
variance and were compared using analysis of
variance with post hoc Scheffe test, or Kruskal—
Wallis test with Mann—Whitney U test, as appro-
priate. Paired data were compared using Student
t test or Wilcoxon signed ranks test. Spearman or
Pearson correlation coefficients were calculated.
Multivariate analysis (general linear model) was
performed. Chi-square was used to compare cate-
gorical data. Data are given as median, mean *
SD. P < .05 was considered as significant.
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Table 1. Basic Characteristics of the Subjects

P (ANOVA;
Controls Kruskal-
(n = 38) CKD (n = 42) ESRD (n = 12) Kidney Tx (n = 16)  Wallis)
Age (years) 14.0; 13.8 = 4.9 13.5;135 7.1 14.5;13.4 £ 43 16.5;16.7 £ 4.0 n.s.
Subjects presenting 0 8 8 8 .009°
with CVD
Creatinine clearance 112; 111 = 17 102; 97 * 35¢ 12; 13 = 4% 78; 85 £ 22+,+ .001
(ml/minute/1.73 m?)
Albumin (g/L) 48;47 = 5 46;43 £ 9 41;37 £ 7% 45; 47 + 9t .001
C-reactive protein (mg/L) ND 21;25+2.8 1.9;54 7.2 0.5; 1.2 = 1.5§ .027
AOPP/albumin (umol/g) 12,1716 2.1;41 =489 3.4;,40*+219 1.9;28=*+22 .001
AGE/albumin (AU/g) 3.3;35+1.0 6.0;6.9 = 3.2§,9 22.2;22.6 = 6.9+ 13.4;16.4 = 9.71,§ .001

CKD, patients with chronic renal disease treated conservatively; ESRD, patients with end-stage renal disease on dialysis;
Tx, transplantation; CVD, cardiovascular disease; AOPP, advanced oxidation protein products; AGE, advanced glycation
end products; AU, arbitrary units; n.s., not significant; chi, chi-square (frequencies calculated only between the patients’

groups); ND, not determined; ANOVA, analysis of variance.
Data are given as median; mean = standard deviation.
*P < .05 versus CKD group.
1P < .01 versus ESRD.
1P < .01 versus controls.
§P < .05 versus ESRD.
9P < .05 versus controls.

Statistical program SPSS v.16 (IBM SPSS Inc.,
USA) was used.

Results
Cohort Characteristics

The groups were comparable by age. Both gen-
ders were presented proportionally (p;: n.s.)
(Table 1). ESRD patients presented with the low-
est creatinine clearance values. Renal function of
CKD and transplant patients did not difter signif-
icantly. ESRD patients displayed the lowest albu-
minemia (P < .01 vs. controls) and the highest
CRP levels (P <.05 vs. transplant patients) among
the groups.

AQOPP and AGE Levels

Because the groups differed significantly in
albuminemia, AOPP levels and AGE-specific
fluorescence of plasma were corrected for Alb
(Table 1). Plasma AOPP/AIb ratio was 2.5-fold
higher in CKD and ESRD patients in comparison
with healthy controls (P <.05). Plasma AGE/Alb
ratio was 2-fold higher in CKD patients and 6.5-
told in the ESRD patients if compared with the
controls (P <.05 and P <.01, respectively). Kid-
ney transplanted patients presented with 1.6-fold
elevated AOPP/AIb and 5-fold higher AGE/Alb

ratios if compared with the controls. Thus, in

the transplant patients, the improved renal func-
tion was reflected by approximately 30% decline
in both, AOPP/Alb ratios and AGE/AIb ratios,
in comparison with levels observed in the ESRD
patients. This decline was significant only in case
of AGE/AIDb ratio because of high interindividual
variability in AOPP/Alb ratio. AOPP/Alb ratio
showed no significant relationship with age,
CRP, or creatinine clearance (Fig. 1A). AGE/
Alb ratio increased with age (r = 0.203, P =
.035) and showed a significant inverse relationship
with creatinine clearance (Fig. 1B). Although the
AGE/Alb and AOPP/AIb ratios correlated signif-
icantly (r = 0.506; P =.001), AOPPs/Alb showed
no significant correlation with the age or renal
function.

Impact of Presence of CVD

Patients manifesting CVD and those without
signs of CVD were comparable by age (16.0;
147 £ 52 vs. 14.0; 14.0 £ 6.7 years, P =
0.67). Subjects presenting with CVD had signifi-
cantly higher plasma AGE/Alb ratio in compari-
son with those not affected with CVD (12.7;
151 £ 92 vs. 74; 10.1 £ 7.8 AU/g; P <
0.019), higher CRP concentration (2.5; 4.4 =
5.6 vs. 1.4; 1.9 £ 2.2 mg/L; P <.037), and lower
creatinine clearance (65; 61 * 43 vs. 93; 90 *
39 mL/minute/1.73 m?, P <.006). General linear
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Figure 1. (A) Relationship between plasma AOPP to
Alb ratio and CICr in the children and adolescents.
Relationship not significant. (B) Relationship be-
tween plasma AGE-specific fluorescence to Alb
ratio and CICr in the infants and adolescents.
AOPP, advanced oxidation protein product; Alb, al-
bumin; CICr, creatinine clearance; AGE, advanced
glycation end product.

model (CVD entered as a cofactor; CRP and cre-
atinine clearance, as covariates) suggested that the
higher AGE/AIb ratio in patients with CVD is
solely on account of their more deteriorated renal
function (F = 14.5; P <.001, R* = 0.37). The
groups did not differ significantly in AOPP/Alb
ratio or albuminemia (data not given).

Follow-up Study

Pre— and post—follow-up creatinine clearance,
albuminemia, concentration of CRP, AOPP/
Alb, and AGE/Alb ratios did not differ signifi-
cantly at baseline and after follow-up in either
group (data not given). In the ESRD patients, cre-
atinine clearance changed by —2.1 * 3.1 mL/
minute/1.73 m*/year, and in the transplanted pa-
tients, by —6.6 = 15.9 mL/minute/1.73 mz/year

(non significant [n.s.]). Changes in AOPP/Alb
(—1 *= 2 vs. 2 = 5 umol/g/year, respectively;
n.s.), and in AGE/Alb (—2 £ 5vs. =3 £ 8 AU/
g/year, respectively; n.s.) did not differ
significantly.

Discussion

To the best of our knowledge, this is the first re-
port on the accumulation of AOPP in children and
adolescents with CRI. Our data suggest that in
children and adolescents, pattern of AOPP accu-
mulation differs from that in the adults,3’14’17 and
from that of the accumulation of AGEs.

In the adults, AOPPs accumulate proportion-
ally to decline in renal function.”* Circulating
AOPPs rise by about 1.7-fold in predialysis
patients and by about 2.5-fold in dialyzed patients,
when compared with healthy controls.™* We
confirmed that AOPPs accumulate also in
children and adolescents with decreased renal
function. However, this rise is not proportional
to residual renal function. Conservatively treated
children and adolescents displayed comparable
rise in AOPPs as compared with those on
dialysis (about 2.5-fold in comparison with
healthy controls). Kidney transplanted adults
with normal renal function showed only insignif-
icant 10% elevation of AOPP, whereas those with
posttransplant CRI displayed about 1.4-fold
higher levels.”'*!” Transplanted children and
adolescents with satisfactory renal function
presented with 1.6-times higher AOPPs than
healthy controls. These difterences could not be
explained by differences in albuminemia or mi-
croinflammation. However, we observed a great
interindividual variability in AOPP/AIb ratio.
On the other hand, our follow-up study showed
that in dialyzed and kidney-transplanted children
and adolescents with stabilized renal function,
plasma AOPP and AGE levels do not change sig-
nificantly over 12-month period. This data fit to
those of Furuya et al.” in the adults on peritoneal
dialysis, showing that AOPP and AGE levels rise
over 12-month period significantly only in pa-
tients in whom residual renal function deterio-
rates.” To the best of our knowledge, data from
regular serial measurement of AOPPs over time
in patients or healthy controls are not available.
These data, particularly in correlation with other
markers of inflammation, could elucidate whether
elevated AOPPs reflect an acute or chronic event.
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Moreover, in children and adolescents AOPP ac-
cumulation showed a different pattern from that
of the accumulation of AGEs. In contrast to
AOPPs, AGE:s rose proportionally with declining
renal function. Thus, our data seem to support the
conclusions of Kalousové et al.'® that AGEs may
serve more as a marker of chronic damage,
whereas AOPPs may better reflect acute changes
such as microinflammation and/or oxidative stress.
Studies in adults with CKD show close associa-
tion of elevated AOPPs with occurrence of
atherosclerosis. AOPP levels independently pre-
dict occlusive atherosclerotic  cardiovascular
events in predialysis patients.'” In predialysis and
dialyzed patients, AOPPs strongly correlate with
carotid artery intima-medial thickness.*'* In the
nondiabetic  peritoneally  dialyzed patients,
AOPPs are independent predictors of endothelial
dysfunction.'**" In our study, presence of CVD
was not reflected by elevated AOPP levels,
despite the observed rise in AGE/Alb ratio and
CRP levels. Because we studied children and
adolescents, the majority of our patients with
CVD suffered from hypertension and left
ventricular hypertrophy, and calcifications were
revealed only in 2 patients. We suppose that in
our patients, CVD did not progress to overt
atherosclerosis, which is associated with rise in
AOPPs. Even the incipient atherosclerosis might
have not been manifested long enough to alter
the AOPP levels significantly. This assumption is
supported also by the results of multivariate
analysis, suggesting that decline in renal function
was the single determinant of elevated AGE/Alb
ratios in our CVD patients. However, we expect
that other noninvasive methods, such as pulse
wave velocity measurement or carotid artery
intima-medial thickness, could provide more
exact information on the potential association of
elevated AOPPs with CVD in these patients.
Our study shows that the pattern of accumula-
tion of AOPPs in children and adolescents difters
from that of AGEs. Because our study is cross-
sectional in nature, it would be preliminary to
conclude that the magnitude and the pattern of
AOPP accumulation differ in the children and ad-
olescents from those in the adults. To confirm or
exclude this assumption, more studies in children
and adolescents are needed. High interindividual
variability of AOPPs in our CKD children and ad-
olescents, together with a relative stability of the

levels over time if deterioration of renal function
is slow, raises the question whether AOPPs might
serve as potential indicators of clinical situation re-
quiring attention. AOPPs are suggested as impor-
tant mediators of renal fibrosis® and the uremia-
associated accelerated atherogenesis. *'*!”

Practical Application

Accelerated rise in AOPP levels in some chil-
dren and adolescents in predialysis stage of CRI,
inadequate to deterioration of renal function,
might require further attention. It remains to be
elucidated whether AOPP determination could
serve as a practical and clinically relevant tool to es-
timate or forecast the risk of accelerated renal fi-
brosis and/or atherogenesis.
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