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Abstract: Accumulation of advanced glycation endproducts (AGEs) is linked decline in renal
function, particularly in patients with diabetes. Major forms of AGEs in serum are protein-
bound AGEs and AGE free adducts. In this study, we assessed levels of AGEs in subjects with
and without diabetes, with normal renal function and stages 2 to 4 chronic kidney disease
(CKD), to identify which AGE has the greatest progressive change with decline in renal
function and change in diabetes. We performed a cross-sectional study of patients with stages
2 — 4 CKD, with and without diabetes, and healthy controls (n = 135). Nine protein-bound and
free adduct AGEs were quantified in serum. Most protein-bound AGEs increased moderately
through stages 2 — 4 CKD whereas AGE free adducts increased markedly. Methylglyoxal-
derived hydroimidazolone MG-H1 free adduct was the AGE most responsive to CKD status,
increasing by 8-fold and 30-fold in stage 4 CKD in patients without and with diabetes,
respectively. MG-H1 Glomerular filtration flux was increased 5-fold in diabetes, likely
reflecting increased methylglyoxal glycation status. We conclude that serum MG-H1 free
adduct concentration was strongly related to stage and increased in diabetes status. Serum MG-
H1 free adduct is a candidate AGE risk marker of non-diabetic and diabetic CKD.

Key words: chronic kidney disease, diabetes, glycation, methylglyoxal, estimated glomerular
filtration rate.



1. Introduction

Increased formation and accumulation of advanced glycation endproducts (AGEs) has
been linked to the decline in renal function and the development of chronic kidney disease
(CKD), particularly in patients with diabetic mellitus [1]. AGEs are formed by the degradation
of glucose-derived early-stage glycation adducts, fructosamines, by protein glycation by
reactive dicarbonyl metabolites, glyoxal, methylglyoxal (MG) and 3-deoxyglucosone (3-DG),
and other processes [2]. The effect of AGEs on renal function may be exacerbated in diabetes
where formation of AGEs is enhanced by hyperglycemia-related increase of fructosamine and
dicarbonyl metabolite AGE precursors [2, 3]. Major AGEs formed from the degradation of the
fructosamine, Ne-fructosyl-lysine, and protein glycation by MG are Ne-carboxymethyl-lysine
(CML) and arginine-derived hydroimidazolone MG-H1, respectively [4, 5]. Pentosidine, a
widely-studied AGE formed mainly from pentose sugar precursors [6], is a minor glycation-
derived protein crosslink related to activity of the pentosephosphate pathway [7, 8].
Measurement of AGEs in serum may provide risk markers for improved clinical diagnosis of
CKD in patients with and without diabetes. The relative clinical utility of different AGEs is not
clear [9, 10]. Specifically, which AGE has the greatest variation with change in estimated
glomerular filtration rate (¢GFR) from normal renal function to stage 4 CKD and which has
characteristic values in patients with and without diabetes.

In serum, AGEs are mainly present as AGE residues in proteins and glycated amino
acids, referred to as “protein-bound AGEs” and AGE free adducts, respectively [1, 2]. The
level of protein-bound AGEs in serum reflects the steady-state balance between the rate of
AGE formation in mostly the vasculature during the lifespan of the serum protein and
degradation of the AGE-modified protein by cellular uptake and proteolysis. Serum protein
AGE residues have low renal clearance and a biodistribution limited to that of the protein on
which they are formed. The level of serum protein-bound AGEs may be influenced in CKD by
change in plasma concentration of glycating agents and leakage of albumin through the
glomerular filter and albuminuria [11, 12]. Serum AGE free adducts are formed endogenously
by cellular proteolysis and released into plasma for urinary excretion [1, 2]. There is also an
exogenous contribution from intestinal absorption of AGE free adducts from digested glycated
proteins in food [13, 14]. The latter contribution may be minimized by collecting blood samples
in the fasting state at which time most AGE free adducts absorbed from food have been cleared
by glomerular filtration and accumulated in urine. AGE free adducts are small molecules of
<500 Da with usually high renal clearances and are the major form by which AGEs are cleared
from the body [3, 15, 16]. AGE free adducts accumulate profoundly in plasma with marked
decline or loss of renal function — as evidenced in studies of clinical endstage renal disease and
experimental bilateral nephrectomy [15, 17]. Serum AGE free adducts are therefore expected
to accumulate progressively with increase of CKD stage and inversely to decline in renal
function [1] (Figure 1).

The aim of this study was to assess the variation in serum protein-bound and AGE free
adduct levels in subjects with renal function range from normal to stage 4 CKD, with and
without diabetes, with a working hypothesis that AGE free adducts accumulate to a greater
extent than protein-bound AGE:s as renal function declines and AGEs with greatest increase in
formation in diabetes accumulate to a higher level in patients with diabetes, compared to those
without diabetes, for each stage of CKD studied.

2. Methods
2.1 Patients and study design
This study was a cross-sectional survey of patients attending the diabetes clinic at
Austin Health, a tertiary referral center and teaching hospital of the University of Melbourne,
Victoria, Australia. Informed consent was obtained from patients, as approved by the Austin
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Health Human Research Ethics Committee (Project numbers H2005/02118 and H2003/01642).
Study participants had or did not have diabetes and were in 4 categories of eGFR: 15-30, 31-
60 and 61-90 ml/min/1.73 m? (stages 4, 3 and 2 CKD, respectively) and > 90 ml/min/1.73 m?
with no indication of functional or structural damage (proteinuria, glomerulonephritis,
polycystic kidneys) — subjects with normal renal function; n =7 - 29 per category. For patients
with diabetes, presence of diabetic kidney disease was considered on the basis of long-standing
duration of diabetes, preferably presence of retinopathy (53% subjects recruited) and gradual
loss of eGFR in the absence of known non-diabetic kidney disease [18]. However, it should be
noted that the presence of retinopathy is now not considered an obligatory manifestation of
diabetic kidney disease, especially in the setting of good metabolic control, use of renin-
angiotensin blockers, and the association with micro- or normoalbuminuria [19, 20]. Fasting
serum samples were obtained prior to a routine clinic visit and stored at -20°C. Samples were
transferred on dry ice to the collaborating laboratory in the UK and stored at -80 °C until
analysis. Urinary albumin was measured as described previously [21]. Creatinine was
measured on an automatic analyzer and eGFR was calculated using the MDRD-4 formula.

2.2 Analysis of serum protein-bound AGEs and AGE free adducts

Protein-bound AGEs were quantified in exhaustive enzymatic digests of serum protein
by stable isotopic dilution analysis liquid chromatography-tandem mass spectrometry (LC-
MS/MS), with correction for autohydrolysis of hydrolytic enzymes as described [22]. AGE
free adducts were determined in ultrafiltrates (10 kDa cut-off) of the same samples. AGEs
determined were: CML, N.-(1-carboxyethyl)lysine (CEL), hydroimidazolones derived from
glyoxal, methylglyoxal and 3-deoxyglucosone (G-H1, MG-H1 and 3DG-H, respectively), No-
carboxymethylarginine (CMA), pentosidine and glyoxal and methylglyoxal-derived lysine
dimers (GOLD and MOLD, respectively); and amino acids — arginine, lysine and valine in
hydrolysates (valine content is required for the protease autohydrolysis correction) [22].
Protein-bound AGEs are normalised to arginine or lysine residue precursors and given as
mmol/mol amino acid modified; and related free adducts are given in nM. Chemical structures
and clinical significance of AGE analytes are described elsewhere [2, 23].

2.3 Statistical analysis

Data are mean = SD for parametric data and median (upper — lower quartile) for non-
parametric data. Significance testing was by paired Student’s t-test and Mann-Whitney U test
(for 2 two groups), by one-way ANOV A and Kruskal-Wallis test (for 4 groups) for parametric
and non-parametric data, respectively, and correlation analysis by Spearman method.
Statistical analyses were performed using SPSS (version 24.0, Armonk, NY, USA).

3. Results

3.1 Subject characteristics

There were 135 subjects (79 male, 56 female) recruited for this study: 73 without
diabetes and 62 with diabetes (6 type 1 diabetes, 56 type 2 diabetes; 23 had diabetic retinopathy
co-morbidity). Classified by CKD status, there were 19 subjects with normal renal function
and 35, 45 and 36 with stages 2, 3 and 4 CKD, respectively. Most of the subjects were elderly,
except the subjects with diabetes with normal renal function. Of the remaining subjects, 68%
were over 65 years of age. In subjects with and without diabetes, eGFR correlated negatively
with age (r =- 0.62, P<0.001 and - 0.36, P<(0.01, respectively) — Table 1.

3.2 Serum protein-bound AGEs



Levels of protein-bound AGEs are presented in Figure 2. For Ne-carboxymethyl-lysine
CML, Ne-(1-carboxyethyl)lysine CEL, glyoxal-derived hydroimidazolone G-HI, Nw-
carboxymethylarginine CMA, glyoxal-derived lysine dimer GOLD, methylglyoxal-derived
lysine dimer MOLD, and pentosidine, levels were relatively low (<0.2 mmol/mol arg or lys)
with limited, up to 2-fold, increase at stage 4 CKD and often no clearly discernible difference
in levels for subjects with and without diabetes. For protein-bound methylglyoxal-derived
hydroimidazolone MG-H1 and 3-deoxyglucosone-derived hydroimidazolone 3DG-H, there
was 3 - 5 fold higher levels in subjects with diabetes, compared to subjects without diabetes,
and increases from normal renal function to stage 4 CKD of +41% and ca. 3-fold for MG-H1
and +44% and ca. 5-fold for 3DG-H in subjects without and with diabetes, respectively.

In correlation analysis, there were no significant correlations of protein-bound AGEs
with age of subjects without diabetes whereas protein-bound CEL and pentosidine correlated
positively with age of subjects with diabetes. There was no correlation of protein-bound AGEs
with AIC in subjects with diabetes. Protein-bound CML, MG-H1 and 3DG-H correlated
negatively with eGFR in both subjects with and without diabetes, CMA and MOLD correlated
negatively with eGFR in non-diabetic subjects and CEL and pentosidine correlated negatively
with eGFR in subjects with diabetes (r =-0.31 to - 0.52; Supplementary data, Table S1).

3.3 Serum AGE free adducts

Serum concentrations of AGE free adducts are presented in Figure 3. Most serum free
adducts increased markedly through stages 2 —4 CKD, except for GOLD and MOLD. Increases
were from 3 — 30-fold, depending in the AGE and diabetes status. The AGE free adduct of
highest concentration, greatest progressive increase in concentration to stage 4 CKD and higher
in subjects with diabetes at all stages of CKD was MG-H1. Median serum MG-H]1 free adduct
concentration of subjects with normal renal function without diabetes was 82 nM, increased
2.5 fold in patients with diabetes and normal renal function and increased progressively with
stage of CKD to 8- and 30-fold increases in patients with stage 4 CKD, without and with
diabetes, respectively. Surprisingly, CML and pentosidine free adducts were not consistently
increased in patients with diabetes; and pentosidine free adduct was 7-fold higher in non-
diabetic subjects with normal renal function than in subjects with diabetes.

In correlation analysis, serum AGE free adducts did not correlate with age in subjects
without diabetes whereas all AGE free adducts except for GOLD and MOLD correlated with
age in subjects with diabetes (r = 0.38 — 0.58). All AGE free adducts except for GOLD and
MOLD correlated negatively with eGFR in both subjects with and without diabetes (r = - 0.58
to - 0.81). There was no correlation of serum AGE free adducts with A1C in subjects with
diabetes (Supplementary data, Table S1).

3.4 AGE free adduct glomerular filtration flux

AGE free adduct glomerular filtration flux (= eGFR x [AGE free adduct]serum) was
calculated for each AGE free adduct (Supplementary data, Table S1). Most AGE free adduct
filtration fluxes correlated positively with eGFR in subjects without or with diabetes; that is,
AGE free adduct filtration flux declined with declining eGFR. An exception was MG-HI1 free
adduct filtration flux which did not correlate with eGFR for both subjects with and without
diabetes. There was a strong inverse relationship between serum MG-HI1 free adduct
concentration and eGFR, with the hyperbolic curve describing the relationship, displaced to
higher serum MG-H1 free adduct concentrations for subjects with diabetes (Figure 4a).
Filtration flux of MG-HI1 free adduct was increased in subjects with diabetes (Supplementary
data, Table S2). For normal renal function and all CKD stages combined, median MG-H1
filtration flux was increased 5-fold in subjects with diabetes, compared to subjects without
diabetes (Figure 4b). There was no significant difference of MG-H1 filtration flux between
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subjects with type 1 and type 2 diabetes, male and female gender and absence or presence of
hypertension or retinopathy.

In correlation analysis, for subjects without diabetes, MG-H1 filtration flux correlated
positively with serum MG-H1 free concentration (r = 0.61, P<0.001); and for subjects with
diabetes, MG-H1 filtration flux correlated positively with both protein-bound MG-HI1 (r =
0.34, P<0.01) and serum MG-H1 free concentration (r = 0.70, P<0.001) (Figure 4c and 4d).
For subjects with diabetes, MG-H1 filtration flux correlated positively with age (r = 0.23,
P<0.05) but not with A1C nor AER.

4. Discussion

AGEs are formed on proteins inside cells, proteins of the extracellular matrix and proteins of
plasma, interstitial fluid and other body fluids (Figure 1). During protein turnover by cellular
and extracellular proteolysis, AGE free adducts are formed and released into plasma. AGE free
adducts pass readily through the glomerular filter and may be actively secreted and absorbed
in the renal tubules with overall characteristic renal clearances and urinary excretion [3, 15].
The urinary excretion of AGE free adducts reflects the flux of formation of AGEs in the body,
corrected for contributions from the absorption of AGE free adducts formed by the digestion
of AGE-modified proteins in ingested food. Proteins - mostly albumin - may leak through the
glomerular filter. Albumin in the glomerular filtrate is mostly reabsorbed and transferred to the
renal venous circulation by the albumin retrieval pathway with minor proteolysis and urinary
excretion. Albumin and other proteins leak from the venous circulation to the interstitial fluid
and are returned via the lymph system. The rate of leakage from the venous circulation is called
the transcapillary escape rate (TER). Changes in albumin turnover, protein leakage through the
glomerular filter and TER, as well as change in concentration of precursors of AGE formation
and albumin, influence the steady-state level of AGE-modified proteins in serum. Changes in
eGFR and renal clearance, as well as the flux of formation of AGE free adducts, influence the
serum concentration of AGE free adducts — as recently reviewed [2].

In this study, we found that the most serum protein-bound AGEs were increased
moderately and most serum AGE free adducts were increased markedly and progressively with
decline in renal function through stages 2 — 4 CKD. The increase of serum protein MG-H1 and
3DG-H in patients with diabetes likely reflects the increased plasma concentrations of MG and
3-DG in diabetes and renal insufficiency [24-28], thereby increasing the in Situ rate of glycation
of plasma protein. Increased loss of albumin in CKD associated with albuminuria with
compensatory increased albumin synthesis and turnover may counter increases in the steady-
state level of serum protein-bound AGEs [29]. A progressive increase in serum AGE free
adducts with decline in renal function in subjects with and without diabetes is expected as
clearance from plasma is decreased [15]. The increased serum concentrations of MG-H1, 3DG-
H and CMA free adducts in subjects with diabetes, compared to subjects with the same stage
of CKD without diabetes, is consistent with increased rates of formation of AGEs in tissues
and release into plasma after proteolysis in diabetes [30]. Overall, the analyte with greatest
progressive increase from normal renal function to stage 4 CKD and increase in subjects with
diabetes at all stages of CKD was MG-HI1 free adduct. This analyte also was the AGE free
adduct of highest serum concentration and readily and characteristically detected by LC-
MS/MS as a double peak of epimers [3].

The accumulation of serum AGE free adducts in CKD is linked to decreased clearance
with decline in eGFR [15, 17]. If this is the dominant influence on serum AGE free adduct
concentration, AGE free adduct glomerular filtration flux is expected to remain constant across
the range of CKD stage studied. This was found in subjects with and without diabetes for MG-
HI only where there was no correlation of serum MG-H]1 free adduct glomerular filtration flux
with eGFR. Serum MG-H1 free adduct concentration increased markedly with decline in
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eGFR. Considering the mid-range of eGFR for stages 2 — 4 CKD, 75 — 22.5 ml/min/1.73 m?,
from CKD-EPI and MDRD-4 equations for 50 — 70 year-old male and female subjects [31],
serum creatinine concentration increases by 2.7 — 3.0 fold. For this range of eGFR, from the
equations given (Figure 4a), serum MG-H1 increases 8.6 and 10.2-fold for subjects without
and with diabetes, respectively. Hence, serum MG-H1 free adduct has a ca. 3-fold greater
change over this range of eGFR than serum creatinine. MG-H1 free adduct had high renal
clearance in subjects with normal renal function [15] and may have increased net tubular
reabsorption as eGFR declines. Measurement of serum MG-H1 free adduct may provide an
improved clinical indicator of eGFR as it is more sensitive to change in renal function than
creatinine. This is deserving of further investigation.

MG-H1 free adduct glomerular filtration flux was increased ca. 5-fold in patients with
diabetes, consistent with a profound increased exposure of the kidney to MG-H1 free adduct
in diabetes independent of renal function status. This may reflect increased formation of MG-
H1 in tissues in diabetes due to increased formation and accumulation of MG — as reviewed
[32]. There may also be a contribution from increased absorption of MG-H1 free adduct from
food due to increased intestinal permeability in diabetes [33], although collection of samples
in the fasting state minimizes this. The lack of correlation of MG-H1 free adduct glomerular
filtration flux with A1C suggests it relates to factors other than glycemic control — such as the
concentration of MG influenced by the rates of formation and metabolism of MG — the latter
occurring mainly through activity of glyoxalase 1 (Glo1) of the glyoxalase system [34]. The
positive correlation of MG-H1 free adduct glomerular filtration flux with subject age may
reflect the age-dependent decline in activity of Glol [34]. Increased MG concentration in
diabetes which may be linked to increased progression of CKD [32].

For other AGEs, AGE free adduct glomerular filtration flux decreased with decreasing
eGFR; that is, the increase in serum AGE free adduct concentration with decline in renal
function is less than expected for the loss of clearance — as found for other non-AGE
metabolites in CKD [35]. This effect may be due to increased fractional excretion of AGE free
adducts, linked to decreased tubular re-uptake of the AGE free adduct in advanced stages of
CKD. Indeed, we found that increased fractional excretion of AGE free adducts occurs in
subjects with type 1 diabetes and microalbuminuria who later progress to early decline in renal
function. Fractional excretion of AGE free adducts may increase in subjects with stages 2 — 4
CKD [36]. AGE free adducts are thought to be reabsorbed by lysine and arginine transporters
of renal proximal tubules [36] and, interestingly, genome-wide association studies identified
linkage of genetic polymorphisms of these transporters to decline in GFR [37, 38].

An unexpected finding was a lack of increase in protein-bound CML and G-HI in
subjects with diabetes, compared to non-diabetic, including in some stages of CKD. CML is
formed partly from glyoxal and G-H1 is formed exclusively from glyoxal — a product of lipid
peroxidation [16, 39]. Differences in lipid peroxidation status may contribute to this finding.
Serum pentosidine free adduct concentration was also remarkably higher in subjects with
normal renal function without diabetes than with diabetes. The higher age of the subjects
without diabetes compared to subjects with diabetes (mean age 67 vs 43 years; P<(0.01) may
explain this. In the older subjects (50% over 70 years old), it is likely that there was a high
prevalence of early-stage osteoarthritis [40]. Plasma pentosidine free adduct is increased in
subjects with early-stage osteoarthritis linked to increased proteolysis of joint proteins [41].

Limitations of this study are the relatively small subject number in some study groups,
younger age of subjects with diabetes and normal renal function compared to other study
groups and poor gender balance in some study groups. However, the magnitudes of the changes
found — particularly for AGE free adducts, and limited previous studies characterising changes
in serum AGE free adducts in CKD provide an advance in understanding in renal handling of
AGEs in stages 2 — 4 CKD.



5. Conclusions

Serum MG-H1 free adduct was the AGE in serum with greatest progressive change in
concentration in subjects with decline in renal function through to stage 4 CKD. Serum MG-
HI free adduct concentration was highly and inversely linked to eGFR. Glomerular filtration
flux of MG-H1 free adduct — reported herein for the first time - was increased 5-fold in patients
with diabetes, independent of stage of CKD. Serum MG-H1 free adduct concentration may be
a strong risk marker of CKD in subjects with and without diabetes with diagnostic advantages
over the current reference clinical chemistry analyte, creatinine. From this study it may be
inferred that a simple measurement of serum MG-H1 free adduct in clinical practice may
improve the assessment of temporal change in eGFR and thereby improve monitoring of the
trajectory of decline in renal function at all stages of CKD in diabetic kidney disease.

Author contributions: Conceptualization, RIM, MAR and PJT; methodology RJM, MAR,
PJT; formal analysis, AA, JRL, NR and PJT; investigation, RIM, SP, DKY, GRF, MAR, MT
and EE; writing — original draft preparation, PJT; writing—review and editing, AA, JRL, NR,
RIJM, SP, DKY, GRF, MAR, MT and EE; supervision, NR, PJT, RIM and MAR; project
administration and finding acquisition, RJM, MAR and PJT. All authors have read

and agreed to the published version of the manuscript.

Funding: This research was funded by a research grant from National Health and Medical
Research Council (NHMRC), Australia, MAR was a recipient of a NHMRC Postgraduate
Research Scholarship (no 310632) and Austin Hospital Medical Research Foundation Grant
(2003). Research by PJT was funded by the Qatar Foundation, grant number QB 14, and of NR
by Qatar University, grant number QU ERG-CMED-2020-1. EE thanks Sir Edward Weary
Dunlop Medical Research Foundation, National Health and Medical Research Council
(NHMRC), Medical Research Future Fund and MTP Connect, Australia, for research funding.

Institutional Review Board Statement: The study was conducted in accordance with the
Declaration of Helsinki and approved by the Austin Health Human Research Ethics
Committee (Projects H2005/02118 and H2003/01642).

Informed Consent Statement: Written informed consent was obtained from all participants
involved in the study.

Data availability: The data presented in this study are available upon request from the
corresponding author.

Acknowledgements We are grateful for the generous participation of patients and subjects in
this study and the assistance of the doctors and nurses for help in sample collection.

Conflict of interests: The authors declare that there are no relationships or activities that
might bias, or be perceived to bias, their work.

Supplementary data. Supplementary data are available online.



References

1.

2.

10.

11.

12.

13.

14.

Rabbani, N.; Thornalley, P. J., Advanced glycation end products in the pathogenesis of
chronic kidney disease. Kidney International 2018, 93, (4), 803-813.

Rabbani, N.; Thornalley, P. J., Protein glycation — biomarkers of metabolic dysfunction
and early-stage decline in health in the era of precision medicine. Redox Biology 2021,
42,101920.

Ahmed, N.; Babaei-Jadidi, R.; Howell, S. K.; Beisswenger, P. J.; Thornalley, P. J.,
Degradation products of proteins damaged by glycation, oxidation and nitration in
clinical type 1 diabetes. Diabetologia 2005, 48, (8), 1590-1603.

Ahmed, M. U.; Thorpe, S. R.; Baynes, J. W., Identification of Ne-carboxymethyl-lysine
as a degradation product of fructoselysine in glycated protein. J.Biol.Chem. 1986, 261,
(11), 4889-4894.

Ahmed, N.; Dobler, D.; Dean, M.; Thornalley, P. J., Peptide mapping identifies hotspot
site of modification in human serum albumin by methylglyoxal involved in ligand
binding and esterase activity. J. Biol. Chem. 2005, 280, (7), 5724-5732.

Sell, D. R.; Monnier, V. M., Structure elucidation of a senescence crosslink from human
extracellular matrix. Implication of pentoses in the aging process. J.Biol.Chem. 1989,
264, (36), 21597-21602.

Wang, F.; Zhao, Y.; Niu, Y.; Wang, C.; Wang, M.; Li, Y.; Sun, C., Activated glucose-6-
phosphate dehydrogenase is associated with insulin resistance by upregulating pentose
and pentosidine in diet-induced obesity of rats. Hormone and Metabolic Research 2012,
44, (13), 938-942.

Masania, J.; Faustmann, G.; Anwar, A.; Hafner-Giessauf, H.; Rajpoot, R.; Grabher, J.;
Rajpoot, K.; Tiran, B.; Obermayer-Pietsch, B.; Winklhofer-Roob, B. M.; Roob, J. M.;
Rabbani, N.; Thornalley, P. J., Urinary metabolomic markers of protein glycation,
oxidation and nitration in early-stage decline in metabolic, vascular and renal health.
Oxidative Medicine and Cellular Longevity 2019, 4851323,

Hanssen, N. M. J.; Beulens, J. W. J.; van Dieren, S.; Scheijen, J. L. J. M.; van der A, D.
L.; Spijkerman, A. M. W.; van der Schouw, Y. T.; Stehouwer, C. D. A.; Schalkwijk, C.
G., Plasma advanced glycation endproducts are associated with incident cardiovascular
events in individuals with type 2 diabetes: a case-cohort study with a median follow-up
of 10 years (EPIC-NL). Diabetes 2014.

Monnier, V. M.; Sell, D. R.; Gao, X.; Genuth, S. M.; Lachin, J. M.; Bebu, 1., Plasma
advanced glycation end products and the subsequent risk of microvascular complications
in type 1 diabetes in the DCCT/EDIC. BMJ Open Diabetes Res Care 2022, 10, (1),
€002667.

Rabbani, N.; Adaikalakoteswari, A.; Rossing, K.; Rossing, P.; Tarnow, L.; Parving, H.-
H.; Thornalley, P. J., Effect of Irbesartan treatment on plasma and urinary markers of
protein damage in patients with type 2 diabetes and microalbuminuria. Amino Acids
2012, 42, (5), 1627-1639.

Coughlan, M. T.; Patel, S. K.; Jerums, G.; Penfold, S. A.; Nguyen, T. V.; Sourris, K. C.;
Panagiotopoulos, S.; Srivastava, P. M.; Cooper, M. E.; Burrell, L. M.; Macisaac, R. J.;
Forbes, J. M., Advanced glycation urinary protein-bound biomarkers and severity of
diabetic nephropathy in man. Am J Nephrol 2011, 34, (4), 347-55.

Foerster, A.; Henle, T., Glycation in food and metabolic transit of dietary AGEs
(advanced glycation end-products): studies on the urinary excretion of pyrraline.
Biochem. Soc. Trans. 2003, 31, 1383-1385.

Xue, M.; Weickert, M. O.; Qureshi, S.; Ngianga-Bakwin, K.; Anwar, A.; Waldron, M.;
Shafie, A.; Messenger, D.; Fowler, M.; Jenkins, G.; Rabbani, N.; Thornalley, P. J.,



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Improved glycemic control and vascular function in overweight and obese subjects by
glyoxalase 1 inducer formulation Diabetes 2016, 65, (8), 2282-94.

Agalou, S.; Ahmed, N.; Babaei-Jadidi, R.; Dawnay, A.; Thornalley, P. J., Profound
mishandling of protein glycation degradation products in uremia and dialysis. J. Amer.
Soc. Nephrol. 2005, 16, (5), 1471-1485.

Thornalley, P. J.; Battah, S.; Ahmed, N.; Karachalias, N.; Agalou, S.; Babaei-Jadidi, R.;
Dawnay, A., Quantitative screening of advanced glycation endproducts in cellular and
extracellular proteins by tandem mass spectrometry. Biochem.J. 2003, 375, (3), 581-592.
Rabbani, N.; Sebekova, K.; Sebekova, K., Jr.; Heidland, A.; Thornalley, P. J., Protein
glycation, oxidation and nitration free adduct accumulation after bilateral nephrectomy
and ureteral ligation. Kidney Internat. 2007, 72, (9), 1113-1121.
American-Diabetes-Association, STANDARDS OF CARE. 11. Chronic Kidney Disease
and Risk Management: Standards of Medical Care in Diabetes—2022. Diabetes Care
2022, 45 (Supplement 1), S175-S184.

Maclsaac, R. J.; Tsalamandris, C.; Panagiotopoulos, S.; Smith, T. J.; McNeil, K. J.;
Jerums, G., Nonalbuminuric renal insufficiency in type 2 diabetes. Diabetes Care 2004,
27, (1), 195-200.

Penno, G.; Solini, A.; Bonora, E.; Fondelli, C.; Orsi, E.; Zerbini, G.; Trevisan, R.;
Vedovato, M.; Gruden, G.; Cavalot, F.; Cignarelli, M.; Laviola, L.; Morano, S.;
Nicolucci, A.; Pugliese, G., Clinical significance of nonalbuminuric renal impairment in
type 2 diabetes. J Hypertens 2011, 29, (9), 1802-9.

Premaratne, E.; Macisaac, R. J.; Tsalamandris, C.; Panagiotopoulos, S.; Smith, T.;
Jerums, G., Renal hyperfiltration in type 2 diabetes: effect of age-related decline in
glomerular filtration rate. Diabetologia 2005, 48, (12), 2486-93.

Rabbani, N.; Shaheen, F.; Anwar, A.; Masania, J.; Thornalley, P. J., Assay of
methylglyoxal-derived protein and nucleotide AGEs. Biochem.Soc.Trans. 2014, 42, (2),
511-517.

Rabbani, N.; Thornalley, Paul J., Reading patterns of proteome damage by glycation,
oxidation and nitration: quantitation by stable isotopic dilution analysis LC-MS/MS.
Essays in Biochemistry 2020, 64, (1), 169-183.

Beisswenger, P. J.; Howell, S. K.; Touchette, A.; Lal, S.; Szwergold, B. S., Metformin
reduces systemic methylglyoxal levels in type 2 diabetes. Diabetes 1999, 48, (1), 198-
202.

Nicolay, J. P.; Schneider, J.; Niemoeller, O. M.; Artunc, F.; Portero-Otin, M.; Haik, G.;
Thornalley, P. J.; Schleicher, E.; Wieder, T.; Lang, F., Stimulation of suicidal erythrocyte
death by methylglyoxal. Cellular Physiology and Biochemistry 2006, 18, (4-5), 223-232.
Agalou, S.; Karachalias, N.; Tucker, B.; Thornalley, P. J.; Dawnay, A., Estimation of a-
oxoaldehydes formed from the degradation of glycolytic intermediates and glucose
fragmentation in blood plasma of human subjects with uraemia. Internat.Congr.Ser.
2002, 1245, (181), 182.

Niwa, T.; Takeda, N.; Yoshizumi, H.; Takematsu, A.; Ohara, M.; Tomiyama, S.;
Niimura, K., Presence of 3-deoxyglucosone, a potent protein crosslinking intermediate of
the Maillard reaction, in diabetic serum. Biochem.Biophys.Res.Com. 1993, 196, 837-843.
Niwa, T.; Takeda, N.; Yoshizumi, H.; Tatematsu, A.; Maeda, K.; Ohara, M.; Tomiyama,
S.; Niimura, K., Elevated serum levels of 3-deoxyglucosone, a potent protein
crosslinking intermediate of the Maillard reaction, in uremic patients. Nephron 1995, 69,
438-443.

Tessari, P.; Kiwanuka, E.; Barazzoni, R.; Vettore, M.; Zanetti, M., Diabetic nephropathy
is associated with increased albumin and fibrinogen production in patients with type 2
diabetes. Diabetologia 2006, 49, (8), 1955-1961.

10



30.

31.

32.

33.

34.

35.

36.

37.

38.

Karachalias, N.; Babaei-Jadidi, R.; Rabbani, N.; Thornalley, P. J., Increased protein
damage in renal glomeruli, retina, nerve, plasma and urine and its prevention by thiamine
and benfotiamine therapy in a rat model of diabetes. Diabetologia 2010, 53, (7), 1506-
1516.

[liadis, F.; Didangelos, T.; Ntemka, A.; Makedou, A.; Moralidis, E.; Gotzamani-
Psarakou, A.; Kouloukourgiotou, T.; Grekas, D., Glomerular filtration rate estimation in
patients with type 2 diabetes: creatinine- or cystatin C-based equations? Diabetologia
2011, 54, (12), 2987-2994.

Rabbani, N.; Xue, M.; Thornalley, P. J., Methylglyoxal-induced dicarbonyl stress in
aging and disease: first steps towards glyoxalase 1-based treatments. Clin. Sci. 2016,
130, 1677-1696.

Snelson, M.; Tan, S. M.; Clarke, R. E.; de Pasquale, C.; Thallas-Bonke, V.; Nguyen, T.-
V.; Penfold, S. A.; Harcourt, B. E.; Sourris, K. C.; Lindblom, R. S.; Ziemann, M.; Steer,
D.; El-Osta, A.; Davies, M. J.; Donnellan, L.; Deo, P.; Kellow, N. J.; Cooper, M. E.;
Woodruff, T. M.; Mackay, C. R.; Forbes, J. M.; Coughlan, M. T., Processed foods drive
intestinal barrier permeability and microvascular diseases. Sci Adv 2021, 7, (14),
eabe4841.

Xue, M.; Rabbani, N.; Thornalley, P. J., Glyoxalase in ageing. Seminars in Cell and
Developmental Biology 2011, 22, (3), 293-301.

Eloot, S.; Schepers, E.; Barreto, D. V.; Barreto, F. C.; Liabeuf, S.; Van Biesen, W.;
Verbeke, F.; Glorieux, G.; Choukroun, G.; Massy, Z.; Vanholder, R., Estimated
Glomerular Filtration Rate Is a Poor Predictor of Concentration for a Broad Range of
Uremic Toxins. Clinical Journal of the American Society of Nephrology 2011, 6, (6),
1266-1273.

Perkins, B. A.; Rabbani, N.; Weston, A.; Adaikalakoteswari, A.; Lee, J. A.; Lovblom, L.
E.; Cardinez, N.; Thomalley, P. J., High fractional excretion of glycation adducts is
associated with subsequent early decline in renal function in type 1 diabetes Sci. Rep.
2020, 10, 12709.

Chambers, J. C.; Zhang, W.; Lord, G. M.; van der Harst, P.; Lawlor, D. A.; Sehmi, J. S.;
Gale, D. P.; Wass, M. N.; Ahmadi, K. R.; Bakker, S. J. L.; Beckmann, J.; Bilo, H. J. G.;
Bochud, M.; Brown, M. J.; Caulfield, M. J.; Connell, J. M. C.; Cook, H. T.; Cotlarciuc,
I.; Smith, G. D.; de Silva, R.; Deng, G.; Devuyst, O.; Dikkeschei, L. D.; Dimkovic, N.;
Dockrell, M.; Dominiczak, A.; Ebrahim, S.; Eggermann, T.; Farrall, M.; Ferrucci, L.;
Floege, J.; Forouhi, N. G.; Gansevoort, R. T.; Han, X.; Hedblad, B.; van der Heide, J. J.
H.; Hepkema, B. G.; Hernandez-Fuentes, M.; Hypponen, E.; Johnson, T.; de Jong, P. E.;
Kleefstra, N.; Lagou, V.; Lapsley, M.; Li, Y.; Loos, R. J. F.; Luan, J. a.; Luttropp, K.;
Maréchal, C.; Melander, O.; Munroe, P. B.; Nordfors, L.; Parsa, A.; Peltonen, L.;
Penninx, B. W.; Perucha, E.; Pouta, A.; Prokopenko, I.; Roderick, P. J.; Ruokonen, A.;
Samani, N. J.; Sanna, S.; Schalling, M.; Schlessinger, D.; Schlieper, G.; Seelen, M. A. J.;
Shuldiner, A. R.; Sjogren, M.; Smit, J. H.; Snieder, H.; Soranzo, N.; Spector, T. D.;
Stenvinkel, P.; Sternberg, M. J. E.; Swaminathan, R.; Tanaka, T.; Ubink-Veltmaat, L. J.;
Uda, M.; Vollenweider, P.; Wallace, C.; Waterworth, D.; Zerres, K.; Waeber, G.;
Wareham, N. J.; Maxwell, P. H.; McCarthy, M. 1.; Jarvelin, M.-R.; Mooser, V.;
Abecasis, G. R.; Lightstone, L.; Scott, J.; Navis, G.; Elliott, P.; Kooner, J. S., Genetic
loci influencing kidney function and chronic kidney disease. Nature Genetics 2010, 42,
(5), 373-375.

Chasman, D. I.; Fuchsberger, C.; Pattaro, C.; Teumer, A.; Boger, C. A.; Endlich, K.;
Olden, M.; Chen, M.-H.; Tin, A.; Taliun, D.; Li, M.; Gao, X.; Gorski, M.; Yang, Q.;
Hundertmark, C.; Foster, M. C.; O'Seaghdha, C. M.; Glazer, N.; Isaacs, A.; Liu, C.-T.;
Smith, A. V.; O'Connell, J. R.; Struchalin, M.; Tanaka, T.; Li, G.; Johnson, A. D.;

11



39.

40.

41.

Gierman, H. J.; Feitosa, M. F.; Hwang, S.-J.; Atkinson, E. J.; Lohman, K.; Cornelis, M.
C.; Johansson, A.; Tonjes, A.; Dehghan, A.; Lambert, J.-C.; Holliday, E. G.; Sorice, R.;
Kutalik, Z.; Lehtiméki, T.; Esko, T.; Deshmukh, H.; Ulivi, S.; Chu, A. Y.; Murgia, F.;
Trompet, S.; Imboden, M.; Coassin, S.; Pistis, G.; Consortium, C. A.; Consortium, I.;
Consortium, C. A.; Wtccc; Harris, T. B.; Launer, L. J.; Aspelund, T.; Eiriksdottir, G.;
Mitchell, B. D.; Boerwinkle, E.; Schmidt, H.; Cavalieri, M.; Rao, M.; Hu, F.; Demirkan,
A.; Oostra, B. A.; de Andrade, M.; Turner, S. T.; Ding, J.; Andrews, J. S.; Freedman, B.
L.; Giulianini, F.; Koenig, W.; Illig, T.; Meisinger, C.; Gieger, C.; Zgaga, L.; Zemunik,
T.; Boban, M.; Minelli, C.; Wheeler, H. E.; Igl, W.; Zaboli, G.; Wild, S. H.; Wright, A.
F.; Campbell, H.; Ellinghaus, D.; Nothlings, U.; Jacobs, G.; Biffar, R.; Ernst, F.;
Homuth, G.; Kroemer, H. K.; Nauck, M.; Stracke, S.; Volker, U.; Volzke, H.; Kovacs,
P.; Stumvoll, M.; Mégi, R.; Hofman, A.; Uitterlinden, A. G.; Rivadeneira, F.;
Aulchenko, Y. S.; Polasek, O.; Hastie, N.; Vitart, V.; Helmer, C.; Wang, J. J.; Stengel,
B.; Ruggiero, D.; Bergmann, S.; Kdhonen, M.; Viikari, J.; Nikopensius, T.; Province, M.;
Ketkar, S.; Colhoun, H.; Doney, A.; Robino, A.; Krdmer, B. K.; Portas, L.; Ford, I.;
Buckley, B. M.; Adam, M.; Thun, G.-A.; Paulweber, B.; Haun, M.; Sala, C.; Mitchell, P.;
Ciullo, M.; Kim, S. K.; Vollenweider, P.; Raitakari, O.; Metspalu, A.; Palmer, C.;
Gasparini, P.; Pirastu, M.; Jukema, J. W.; Probst-Hensch, N. M.; Kronenberg, F.;
Toniolo, D.; Gudnason, V.; Shuldiner, A. R.; Coresh, J.; Schmidt, R.; Ferrucci, L.;
Siscovick, D. S.; van Duijn, C. M.; Borecki, I. B.; Kardia, S. L. R.; Liu, Y.; Curhan, G.
C.; Rudan, L.; Gyllensten, U.; Wilson, J. F.; Franke, A.; Pramstaller, P. P.; Rettig, R.;
Prokopenko, I.; Witteman, J.; Hayward, C.; Ridker, P. M.; Parsa, A.; Bochud, M.; Heid,
I. M.; Kao, W. H. L.; Fox, C. S.; Kéttgen, A., Integration of genome-wide association
studies with biological knowledge identifies six novel genes related to kidney function.
Human molecular genetics 2012, 21, (24), 5329-5343.

Fu, M. X,; Requena, J. R.; Jenkins, A. J.; Lyons, T. J.; Baynes, J. W.; Thorpe, S. R., The
advanced glycation end product, Ne-(carboxymethyl)lysine, is a product of both lipid
peroxidation and glycoxidation reactions. J.Biol.Chem. 1996, 271, (17), 9982-9986.
Castell, M. V.; van der Pas, S.; Otero, A.; Siviero, P.; Dennison, E.; Denkinger, M.;
Pedersen, N.; Sanchez-Martinez, M.; Queipo, R.; van Schoor, N.; Zambon, S.; Edwards,
M.; Peter, R.; Schaap, L.; Deeg, D., Osteoarthritis and frailty in elderly individuals
across six European countries: results from the European Project on OSteoArthritis
(EPOSA). BMC Musculoskelet Disord 2015, 16, 359.

Ahmed, U.; Anwar, A.; Savage, R. S.; Thornalley, P. J.; Rabbani, N., Protein oxidation,
nitration and glycation biomarkers for early-stage diagnosis of osteoarthritis of the knee
and typing and progression of arthritic disease. Arthritis Research & Therapy 2016, 18,
(1), 250.

12



Table 1. Clinical characteristics of study participants.

CKD Stage Diabetes Normal 2 3 4 P-value
status
Number of subjects No 12 20 16 25
Yes 7 15 29 11
Age (years) No 6717 72+ 13 80 £ 11* 76 + 14
Yes 43 £119° 65 + 9*** 74 £ 11%%* 76 + 15%%* <0.001
Gender (M/F) No 4/8 6/14 12/4 20/5
Yes 0/7 13/2 17/12 7/4
Diabetes type (N for types 1 and 2) Yes 34 0,15 3,26 0,11
Duration of diabetes (years) Yes 13+£9 16£8 2012 189
A1C (%) Yes 79+1.0 7.6+0.8 79+13 82+1.3
eGFR (ml/min) No 130 + 41 73 £ 11** 49 £ [4%** 21 £ 10%** <0.001
Yes 126 + 20 70 £ 14%** 46 £ 15%** 26 £ 11%** <0.001
Albumin excretion rate (mg/24 h) No NA NA NA NA
Yes 24 (17 —36) 13 (12-92) 53 (20 — 106) 225 (44 — 722)**  <0.01

Data are proportions, mean + SD or median (lower — upper quartile). Significance: comparison of all 4 groups — P-value shown; comparison of
two groups - *, ** and *** P<(0.05, P<0.01 and P<0.001 with respect to subjects with normal renal function of the same diabetes status, and °°,
P<0.01, with respect to subjects without diabetes of the same renal function status. Abbreviation: NA, data not available.
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Figure legends

Figure 1. Schematic representation of formation, physiological processing and metabolic
transit of protein AGEs in clinical metabolism. Block yellow arrows show movement of plasma
protein out of and in to the plasma compartment by TER and tissue secretion, respectively, and
glomerular filtration of AGE modified albumin and AGE free adducts with major recovery of
albumin into the renal venous circulation by the albumin retrieval pathway and minor
degradation by PTC proteolysis. Abbreviations: A1C, glycated hemoglobin HbAic; AGE,
advanced glycation endproduct; ECM, extracellular matrix; Hb, hemoglobin; PTC, proximal
tubular epithelial cells; and TER, transcapillary escape rate.

Figure 2. Serum protein-bound AGEs in subjects with normal renal function and stages 2 — 4
chronic kidney disease. (a) Ne-Carboxymethyl-lysine CML, (b) Ne-(1-Carboxyethyl)lysine
CEL, (c¢) Glyoxal-derived hydroimidazolone G-H1, (d) Methylglyoxal-derived
hydroimidazolone MG-H1, (e) 3-Deoxyglucosone-derived hydroimidazolone 3DG-H, (f) Nw-
carboxymethylarginine CMA, (g) Glyoxal-derived lysine dimer GOLD, (h) Methylglyoxal-
derived lysine dimer MOLD, (i) Pentosidine PENT. Key: o-0, subjects without diabetes; ®-e,
subjects with diabetes. Data are median (lower — upper quartile), n = 7 — 29. Significance: *.
** and *** P<0.05, P<0.01 and P<0.001 with respect to subjects with normal renal function
of the same diabetes status. o, 00 and 0oo, P<0.05, P<0.01 and P<0.001 with respect to subjects
without diabetes of the same stage of CKD. Significance for 4 group comparison of normal
renal function and stages 2 — 4 CKD, without and with diabetes (Kruskal-Wallis) were highly
significant (P<0.001) except: subjects without diabetes — CEL, G-H1, GOLD and pentosidine
(P>0.05), MOLD (P<0.05) and 3DG-H (P<0.01), and subjects with diabetes — GOLD and
MOLD (P>0.05).

Figure 3. Serum AGE free adducts in subjects with normal renal function and stages 2 — 4
chronic kidney disease. (a) Ne-Carboxymethyl-lysine CML, (b) Ne-(1-Carboxyethyl)lysine
CEL, (c¢) Glyoxal-derived hydroimidazolone G-H1, (d) Methylglyoxal-derived
hydroimidazolone MG-H1, (e) 3-Deoxyglucosone-derived hydroimidazolone 3DG-H, (f) Nw-
carboxymethylarginine CMA, (g) Glyoxal-derived lysine dimer GOLD, (h) Methylglyoxal-
derived lysine dimer MOLD, (i) Pentosidine. Key: 0-0, subjects without diabetes; ®-e,
subjects with diabetes. Data are median (lower — upper quartile), n = 7 — 29. Significance: *.
** and *** P<(.05, P<0.01 and P<0.001 with respect to subjects with normal renal function
of the same diabetes status; and o and ooo, P<0.05 and P<0.001 with respect to subjects without
diabetes of the same stage of CKD. Significance for 4 group comparison of normal renal
function and stages 2 — 4 CKD, without and with diabetes (Kruskal-Wallis) were highly
significant (P<0.001) except for GOLD and MOLD in subjects with diabetes (P>0.05).

Figure 4. Dependence of serum methylglyoxal-derived hydroimidazolone MG-H1 free adduct
concentration and filtration flux on estimated glomerular filtration rate and diabetes. (a) Plot
of serum MG-H1 free adduct concentration against eGFR. Key: blue circle, control (subjects
without diabetes); and red circle, subjects with diabetes. Hyperbolic regression line equations:
non-diabetic - [MG-H1 free adduct]serum = 10,856 eGFR*? (r = 0.75, n = 79); diabetic - [MG-
H1 free adduct]senm = 37,658 x eGFR*%? (r = 0.70, n = 62). For eGFR as the dependent
variable, the equations are: subjects without diabetes, eGFR =968 x [MG-H1 free adduct]serum”
0560 r = (.74, P<0.001); and subjects with diabetes, eGFR = 1838 x [MG-H1 free adduct]serum”
0515 +=0.70, P<0.001). (b) MG-H1 glomerular filtration flux. Data are median (lower — upper
quartile). Significance: ***, P<0.001; Mann-Whitney U test. (¢) and (d) Correlation of serum
MG-H1 free adduct concentration with MG-H1 free adduct filtration flux. (¢) Non-diabetic
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subjects and (d) diabetic subjects. Linear regression slopes are: (¢) 26.2 = 2.1 (r = 0.84;
P<0.001); and (d) 22.1 = 1.5 (r = 0.84; P<0.001).
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Supplementary data
Table S1. Correlation of serum advanced glycation endproducts with age, eGFR and filtration flux.

Protein-bound AGE vs subject age AGE free adduct vs subject age  Protein-bound AGE vs eGFR AGE free adduct vs eGFR

AGE Non-diabetic Diabetic Non-diabetic Diabetic Non-diabetic Diabetic Non-diabetic Diabetic
CML 0.49%** - 0.42%* -0.38** - 0.69%** - 0. 73%**
CEL 0.42%** 0.36** - 0.50%** - 0.80%** - 0.58%**
G-H1 0.48*** - 0.80%** -0.6]%**
MG-H1 0.54*** - 0.48%** -0.31%* - 0.79%** - 0.74%**
3DG-H 0.46*** -0.39* -0.32% - 0.80%** - 0.66%**
CMA 0.35%* -0.38* - 0.81%** - 0.50%**
GOLD
MOLD -0.44** - 0.44%**

Pentosidine 0.44%** 0.58%** - (0.52%** - (0. 73%** - 0.66%**

Table S1. Correlation of advanced glycation endproducts with age, eGFR and filtration flux (cont’d).
AGE free adduct filtration flux vs eGFR

AGE

Non-diabetic Diabetic

CML 0.57*** 0.42%**
CEL 0.41%** 0.76%**
G-H1 0.49%**
MG-H1

3DG-H 0.46** 0.61%**
CMA 0.52%**
GOLD 0.86%** 0.62%**
MOLD 0.52%%* 0.73%**
Pentosidine 0.40**

Spearman correlation coefficients for eGFR and AGEs. Significance: *, ** and ***, P<0.05, P<0.01 and P<0.001 (Bonferroni correction of 9
applied).
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Table S2. Glomerular filtration flux of AGE free adducts.

AGE Control Stage 2 CKD
Non-diabetic Diabetic Non-diabetic Diabetic

CML 19.7 (18.7 —33.1) 6.9(64-7.6)*% 9.7 (8.4-12.9)9° 7.2(5.7-9.7)
CEL 10.0 (7.9 -18.4) 18.1 (14.1 — 18.9) 7.1(4.9-8.7) 9.0 (7.6 — 10.5) #0090
G-H1 11.1 (7.8 —-23.1) 5.50(.0-6.7) 6.6 (4.8 -8.9) 4.0 (2.8 —-4.6) ¥**
MG-H1 10.4 (6.7 -15.9) 22.1(21.3-33.5) * 8.7(4.6-164) 48.4 (31.2—67.7) ***
3DG-H 4.7(3.8—-5.3) 7.5(6.4-8.1)% 3.1 (2.8-3.5) 5.9 (4.2 —6.6) ***
CMA 1.6 (1.0 -2.2) 3.0(2.0-3.6) 1.1 (0.8 -1.5) 1.9(1.6-3.1)%*
GOLD 0.039 (0.033 —0.045) 0.060 (0.019 — 0.090) 0.022 (0.013 —0.025)° 0.022 (0.015—-0.033)
MOLD 0.273 (0.159—-0.478) 0.101 (0.062 — 0.178) 0.137 (0.075-0.195) 0.077 (0.059 — 0.135)

Pentosidine 0.090 (0.075—0.121)  0.015 (0.012 —0.024) **  0.042 (0.036 — 0.053)°°  0.023 (0.016 — 0.035) *

Table S2. Glomerular filtration flux of AGE free adducts (cont’d).

AGE ' . Stage 3 CKD ' . ' ‘ Stage 4 CKD ‘ .
Non-diabetic Diabetic Non-diabetic Diabetic

CML 9.5(6.8—11.3)° 6.2 (4.4-8.2)** 75(5.7-11.7)° 52@42-172)
CEL 7.5 (6.0 - 8.7) 6.8 (5.8 —9.0) °9° 5.5(3.8—-11.8) 7.0 (4.9 - 8.8)9°
G-H1 9.0 (6.5-10.6) 4.2 (3.0 —5.6) *** 7.5(4.5-10.6) 32(1.7-6.1)
MG-H1 12.1 (11.0 - 14.9) 58.7 (38.5 — 78.3) **x.00 12.6 (6.9 —24.1) 62.0 (43.7 — 70.2) ***.00
3DG-H 32(2.4-3.8) 49(3.8-69)* 2.9 (1.6 -4.6) 453.6-7.7)
CMA 1.2(1.1-1.4) 2.0 (1.6 —3.2) *** 2.0(0.9-3.0) 3.0(1.8-3.4)
GOLD 0.019 (0.014 —0.022)°°  0.011 (0.005 — 0.020) °© 0.004 (0.002 —0.008)°°°  0.013 (0.006 - 0.016)**°
MOLD 0.102 (0.073 —0.173) 0.051 (0.034 - 0.069) **:9 0.095 (0.050 — 0.127)© 0.032 (0.025 — 0.046)*°°
Pentosidine  0.048 (0.036 — 0.065) 0.032 (0.017 — 0.062) 0.041 (0.025-0.072) 0.050 (0.037 — 0.052)©©

Data are median (lower — upper quartile) nmol/min (n =7 — 29). Significance: *, ** and ***, P<0.05, P<0.01 and P<0.001, with respect to
subjects with the same CKD status without diabetes and o, 0o and 0oo, P<0.05, P<0.01 and P<0.001, with respect to subjects with normal renal
function and the same diabetes status; Mann-Whitney U test (Bonferroni correction of 9 applied). Cross-group comparison (P value): non-
diabetic CML, 0.039 and GOLD, 1.8 x 10" and diabetic CEL, 0.0012, GOLD, 0.016 and MOLD, 0.0013; Kruskal-Wallis. Bonferroni correction
of 9 applied.
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