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Correlation between serum 
advanced glycation end‑products 
and vascular complications 
in patient with type 2 diabetes
Sayuri Kato 1, Takeshi Matsumura 2, Hikari Sugawa 3 & Ryoji Nagai 1,3*

Advanced glycation end‑products (AGEs) formation increases with metabolic disorders, leading to 
higher serum AGE levels in patients with progressive vascular complications. Measuring AGE levels 
in biological samples requires multiple pre‑analytical processing steps, rendering analysis of multiple 
samples challenging. This study evaluated the progression of diabetic complications by analyzing AGE 
levels using a pre‑analytical processing strategy based on a fully automated solid phase‑extraction 
system. Serum samples from patients with diabetes, with or without macrovascular complications 
(Mac or non‑Mac) or microvascular complications (Mic or non‑Mic), were processed with the 
established methods. Free and total AGE levels in sera were measured using liquid chromatography 
coupled to tandem mass spectrometry (LC–MS/MS). In patients with diabetes, both free and total 
AGE levels were elevated in those with complications compared to those without complications. In 
Mac and Mic groups, free and total AGE levels and z‑scores (the sum of normalized AGE levels) also 
increased. AGE z‑scores were markedly higher than those of single AGE levels in distinguishing each 
complication. Our study demonstrated that the free AGE z‑score, measured using a new analytical 
method without hydrolysis, correlated with the presence of vascular complications and may serve as a 
marker of disease complications.
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Advances in medical technology have contributed to an increase in the average life span. However, according to 
WHO  report1, the average healthy life expectancy remains shorter than the overall average life span. Prevention 
of lifestyle/chronic-related diseases, which are the leading causes of death, is essential to achieve a long life while 
maintaining a high quality of life. Diabetes, a lifestyle-related disease, carries the risk of developing macrovascular 
complications, such as diabetic nephropathy, neuropathy, and retinopathy, as well as microvascular complica-
tions, including cerebrovascular disease. Duration of diabetes is related to progressive diabetic  complications2,3, 
and these complications are difficult to manage simply through blood glucose control. The risk of developing 
microvascular complications increases with increasing blood glucose levels, whereas macrovascular complica-
tions are influenced by blood glucose levels, high blood pressure, and  obesity4,5. Therefore, hemoglobin A1c 
(HbA1c) levels, as a marker of blood glucose, of approximately 5–7% may be associated with the development 
of macrovascular complications.

HbA1c, which is an Amadori compound generated non-enzymatically in the early stage of the Maillard reac-
tion, is a marker of blood glucose levels in patients with diabetes. HbA1c levels are indicative of blood glucose 
levels at 2–3 months post-sampling6. It is difficult to predict diabetic complications using these parameters. 
Advanced glycation end-products (AGEs) are produced through the Maillard reaction between carbonyl and 
amino groups. (1) Biological components undergoing glycation include free amino acids, proteins, lipids like 
 phosphatidylethanolamine7, nucleic acids,  nucleobases8, and histone  proteins9. (2) Precursors inducing glyca-
tion are not limited to glucose; they include  glyoxal10, generated from sugar autoxidation and lipid oxidation; 
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 methylglyoxal11, produced through glycolysis; and  glycolaldehyde12, formed via myeloperoxidase during inflam-
matory responses. AGEs inhibited nitric oxide synthase activity in proximal tubular epithelial  cells13, suggesting 
that metabolic control may be impaired due to the presence of glycated proteins and free amino acids in vivo. 
AGEs increase with aging and the pathogenesis of diabetic  complications14,15, and they could be markers for 
evaluating progressive diseases over the long term. AGEs can be measured using mass spectrometry in biological 
tissue samples, including serum, skin, and  urine15,16.

The evaluation of AGE levels includes both protein-bound and free AGEs (total AGEs) or the measurement of 
free AGEs alone. There are reports to measure both free and total AGEs in sera in chronic kidney disease (CKD) 
with or without  diabetes17, and total AGEs in the skin and sera in type 1 diabetes with vascular  complications18. 
However, there are no reports comparing both free and total AGEs in sera in type 2 diabetes with macrovascular 
and microvascular complications. Therefore, AGEs in serum could be evaluated to assess vascular complications. 
Measuring free AGEs and total AGEs simultaneously is challenging due to differing pre-analytical methods. 
Measuring total AGEs in biological samples requires a hydrolysis step lasting over 18 h and the removal of 
hydrochloric acid for a further 10 h using specialized equipment, such as a speed vacuum  concentrator19. This 
processing makes multiple sample measurements for AGEs difficult and time consuming. After the hydrolysis 
step, cation exchange involves a few repeated steps, such as washing and elution through a column. Our previous 
study has described an improved process for cation exchange to achieve more efficient AGE measurement, and we 
established a new assay based on a fully automated solid phase extraction system (FSPES) for total  AGEs20. This 
assay is effective for clinical studies of AGE and for large-scale industrial applications; nonetheless, the challenge 
of timely hydrochloric acid removal still remains. Free AGEs, which require less hydrolysis treatment, can also 
be measured from samples, such as blood and  saliva21,22. Free AGEs represent a useful target for the application 
of FSPES for multiple samples in clinical studies.

We hypothesized that AGE levels could be used to distinguish vascular complications from metabolic disor-
ders in patients experiencing diabetes progression. Therefore, we processed serum samples from patients with 
diabetes using a new method without the hydrolysis step. We then evaluated the correlation between free AGE 
levels and vascular complications for comparison with total AGE levels.

Results
Vascular complications were correlated with AGE levels measured using serum from patients 
with diabetes
The clinical characteristics of patients (N = 154) with diabetes and vascular complications are summarized in 
Table 1 and Supplementary Fig. 1, Supplementary Tables 1 and 2. Serum samples from patients with diabetes with 
or without macrovascular complications (non-Mac, N = 116; or Mac, N = 38) showed no differences in HbA1c, 
body mass index, urine albumin-creatinine ratio (ACR), triglycerides, low-density lipoprotein cholesterol (LDL-
C), γ-glutamyl transpeptidase (GGT), aspartate aminotransferase (AST), systolic blood pressure (SBP), diastolic 
blood pressure (DBP), or plaque score. Moreover, there were also no differences in HbA1c, body mass index, 
estimated glomerular filtration rate (eGFR), ACR, triglycerides, high-density lipoprotein cholesterol (HDL-C), 
GGT, AST, DBP, or plaque score between those with or without microvascular complications (non-Mic, N = 60; 
or Mic, N = 94).

To assess the relevance of AGEs as an indicator of macrovascular and microvascular complications in pro-
gressive diabetes, serum samples were treated with FSPES and free and total AGEs were analyzed using liquid 
chromatography coupled to tandem mass spectrometry (LC–MS/MS). Between patients exhibiting macrovascular 
or microvascular complications (with: N = 103) or with nonvascular complications (without: N = 51), free Nε-
(carboxymethyl)lysine (CML), free Nε-(carboxyethyl) Lysine (CEL), free Nδ-(5-hydro-5-methyl-4-imidazolone-2-
yl)-ornithine (MG-H1) , total CML and total CEL levels were higher in patients exhibiting vascular complications 
than in those with nonvascular complications (Wilcoxon rank sum test) (Fig. 1c,d,e,h,i). However, free Lys, free 
Arg, total Lys, total Arg and total MG-H1 levels remained unchanged (Fig. 1a,b,f,g,j). The factors that influence 
increased AGEs in diabetic complications were analyzed. eGFR, as a confounding factor, was correlated with 
variations in free CML (r =  − 0.49, P < 0.001), free MG-H1 (r =  − 0.5, P < 0.001), total CML (r =  − 0.29, P = 0.0016) 
and total CEL (r =  − 0.59, P < 0.001). Furthermore, free CML levels were correlated with free MG-H1 (r = 0.7, 
P < 0.001), and total CEL (r = 0.55, P < 0.001); in turn, free MG-H1 levels were correlated with total CEL (r = 0.55, 
P < 0.001), and total CML levels were correlated with total CEL (r = 0.72, P < 0.001), showing stronger positive 
correlation with Spearman’s correlation (Fig. 2). Each AGE showed a positive correlation with other AGEs at 
different concentrations.

In patients exhibiting macrovascular complications, free CML, free CEL, free MG-H1, total CML and total 
CEL increased (Wilcoxon rank sum test) (Fig. 3c,d,e,h,i, and Supplementary Table 3). However, free Lys, free 
Arg, total Lys, total Arg and total MG-H1 levels remained unchanged (Fig. 3a,b,f,g,j).

In patients exhibiting microvascular complications, free CML , free CEL , free MG-H1 , and total CML levels 
increased compared to patients in the non-Mic group (Wilcoxon rank sum test) (Fig. 4c,d,e,h, and Supplemen-
tary Table 3). However, free Lys, free Arg, total Lys, total Arg , total CEL and total MG-H1 remained unchanged 
(Fig. 4a,b,f,g,i,j).

Evaluation of serum AGE levels by z‑scores
AGEs showed a positive correlation with other AGEs at different concentrations, making it difficult to assess 
complications using a single AGE. Therefore, AGE z-scores were calculated by averaging and standardizing 
the AGE z-scores that increased for each complication (Supplementary Table 3). In macrovascular complica-
tions, increased levels of free CML + free CEL + , and free MG-H1 were normalized for free AGE z-scores, 
while increased levels of total CML + and free CEL were normalized for total AGE z-scores. In microvascular 
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complications, increased levels of free CML + , free CEL + , and free MG-H1 were normalized for free AGE 
z-scores. However, total AGE z-scores were not calculated for microvascular complications because the increase 
in total AGEs was limited to total CML. The free and total AGE z-scores in patients exhibiting Mac were higher 
than those in patients with non-Mac, and the free AGE z-scores in patients exhibiting Mic were higher than 
those in patients with non-Mic (Fig. 5).

Next, the potential of AGE z-scores to identify each complication was analyzed with logistic regression. In 
patients exhibiting macrovascular complications, the z-scores of both free and total AGE levels were significantly 
higher than those of a single AGE level in the univariate logistic regression analysis (free CML: P = 0.107, free 
CEL: P = 0.144, free MG-H1: P = 0.039, total CML: P = 0.013, total CEL: P = 0.008, free AGE z-score: P = 0.002, 
total AGE z-score: P = 0.003) (Table 2a). However, free and total AGE z-scores were not significantly different in 
the multivariable logistic regression analysis (free AGE z-score: P = 0.320, OR = 1.28, 95%CI = 0.79–2.09, total 
AGE z-score: P = 0.267, OR = 1.31, 95%CI = 0.81–2.11, eGFR: P = 0.100, OR = 0.98, 95%CI = 0.96–1.00). In patients 
exhibiting microvascular complications, the free AGE z-scores were also more significant than a single AGE 
in univariate logistic regression (free CML: P = 0.002, free CEL: P = 0.020, free MG-H1: P ≤ 0.001, total CML: 
P = 0.044, free AGE z-score: P ≤ 0.001) (Table 2b). Furthermore, free AGE z-scores showed significant differences 
in multivariable logistic regression (free AGE z-score: P = 0.001, OR = 1.98, 95%CI = 1.32–3.09, eGFR: P = 0.883, 
OR = 1.00, 95%CI = 0.98–1.02). Finally, the potential of AGE z-scores as diagnostic models for each complication 
was analyzed using receiver operating characteristic (ROC) analysis. The area under the curve (AUC) for free 
AGE z-scores was 0.70, while for the total AGE z-scores, the AUC was 0.65 for patients exhibiting macrovascular 
complications (Fig. 6a), whereas for free AGE z-scores, the AUC was 0.68 in patients exhibiting microvascular 
complications (Fig. 6b). The AUC of the AGE z-scores was higher than that of single AGE in patients with Mic 
(free CML: AUC = 0.66, free CEL: AUC = 0.62, free MG-H1: AUC = 0.67, total CML: AUC = 0.6). Furthermore, 
HbA1c had lower AUC scores than that of a single AGE levels or of AGE z-scores for both complications (HbA1c 

Table 1.  Clinical parameters of type 2 patients with diabetes (N = 154) with or without micro and 
macrovascular complications. FPG fasting plasma glucose,DM duration of diabetes, eGFR estimated 
glomerular filtration rate, ACR  urine albumin-creatinine ratio, LDL-C low-density lipoprotein cholesterol, 
HDL-C high-density lipoprotein cholesterol, GGT  γ-glutamyl transpeptidase, AST aspartate aminotransferase, 
ALT alanine aminotransferase, SBP systolic blood pressure, DBP diastolic blood pressure, CAD coronary artery 
disease, PAD peripheral artery disease. a Data are median (IQR); n (%).

Characteristic N =  154a

Age 69 (61, 75)

Sex

 Female 73 (47%)

 Male 81 (53%)

HbA1c, % 7.20 (6.80, 7.90)

FPG, mg/dL 135 (115, 171)

Body mass index, kg/m2 24.5 (22.5, 27.6)

DM, years 10 (7, 19)

eGFR, mL/min/1.73  m2 66 (56, 80)

ACR, mg/gCr 29 (11, 70)

Triglycerides, mg/dL 137 (92, 181)

LDL-C, mg/dL 89 (69, 109)

HDL-C, mg/dL 52 (43, 62)

GGT, U/L 26 (17, 46)

AST, U/L 20 (17, 26)

ALT, U/L 20 (16, 33)

SBP, mmHg 131 (120, 140)

DBP, mmHg 74 (66, 79)

Dyslipidemia 118 (77%)

Hypertension 92 (60%)

Plaque score 2.7 (0.0, 5.3)

Microvascular complications

 Retinopathy, 42 (27%)

 Neuropathy, 38 (25%)

 Nephropathy 67 (44%)

Macrovascular complications

 CAD, % 11 (7.1%)

 PAD, % 10 (6.5%)

Cerebrovascular, % 23 (15%)
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in Mac: AUC = 0.57, HbA1c in Mic: AUC = 0.58). eGFR had lower AUC scores than that of a single AGE levels 
or of AGE z-scores in patients exhibiting Mic (eGFR in Mac: AUC = 0.7, eGFR in Mic: AUC = 0.58).

Discussion
Factors, such as obesity or smoking, are used as markers to assess risks of disease; however, new biomarkers are 
necessary for more precise disease prediction. We focused on AGEs as biomarkers to identify the risk of progres-
sive disease from metabolic disorders. Measuring free AGEs without the preanalytical hydrolysis step could be 
more amenable for clinical applications and lead to a better understanding of metabolic disorders. Quantifying 
the AGEs might be difficult because of the low concentration of free AGEs in the serum. Therefore, in this study, 
free AGEs in serum samples were processed simultaneously using FSPES-linked error reduction to compare free 
and total AGEs variation in type 2 diabetes with vascular complications. The FSPES method for processing free 

Figure 1.  Variations in AGEs with complications in patients with diabetes. (a) Free Lys, (b) free Arg, (c) free 
CML, (d) free CEL, (e) free MG-H1, (f) total Lys, (g) total Arg, (h) total CML, (i) total CEL (j) total MG-H1 
levels were compared between patients without complications (without: N = 51) and with complications (with: 
N = 103). Data are shown with box-plot, bold horizontal bars indicating median values. Statistical analysis: 
Wilcoxon rank sum test; *P < 0.05; **P < 0.01; ***P < 0.001.
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AGEs had a shorter processing time than the manual method and did not require the 18-h hydrolysis step or the 
removal of hydrochloric acid, which is time-consuming and reducing. The proposed FSEPS was established as a 
new and more efficient analytical method. Thus, a comprehensive and stable AGE analysis method using FSPES 
could be established for clinical samples. If hundreds or thousands of clinical samples are processed, free AGEs 
could be measured more efficiently than total AGEs.

In diseases, variations in AGE levels in the blood have been reported to correlate with eGFR or creatine levels, 
as the deterioration of kidney function is associated with reduced excretion of  AGEs23. Our data showed that 
AGEs were also associated with eGFR and that a single AGE had a strong positive correlation with other AGEs 
(Fig. 2). This suggested the presence of a metabolic domino effect, whereby disordered carbohydrate metabolism 
is linked to disordered lipid metabolism, and accompanying hypertension could influence the production of 
metabolic compounds, such as AGEs. Serum AGEs in patients vary depending on lifestyle and genetics. It was 
necessary to evaluate the assay while minimizing these effects. Therefore, we assessed vascular complications 
using a z-score normalization for several AGEs related to metabolic disorders without considering their con-
centration. Hanssen et al. used the AGE z-score, including CML, CEL, and pentosidine, to evaluate  diseases24. 
In our previous reports, the detection sensitivity of pentosidine by LC–MS/MS was found to be more than 50 
times lower than that of  CML25. Therefore, we measured pentosidine using HPLC equipped with a fluorescence 
 detector26,27. Due to this limitation, pentosidine was excluded from the current multiple AGEs analysis using 
FSPES, as it is not suitable for this method. Therefore, lysyl-AGEs28 such as CML, CEL, and arginyl-AGE, MG-H1, 
were used for simultaneous processing and comparative analysis in this study. The AGE z-scores could distinguish 
each vascular complication better than any single AGE (Fig. 5, Table 2). Because the measured AGEs were corre-
lated with each other, we found that multivariate analysis using various AGEs was challenging. The AGE z-scores 
provided better discrimination of vascular complications than the individual AGEs. Therefore, we conducted 
the multivariate analysis using only the AGE z-scores. Furthermore, the free AGE z-scores identified patients 
with Mic independent of eGFR. The AGE z-scores proved to be a more effective biomarker than a single AGE or 

Figure 2.  Correlation between increased AGEs and biochemical parameters in patients with diabetes. Statistical 
analysis: Spearman’ analysis; the significance level was set 0.05. Blue text indicates positive, while red text 
indicates negative correlation. FPG, fasting plasma glucose; BMI, body mass index; DM, duration of diabetes; 
ACR, urine albumin-creatinine ratio; TG, triglycerides; LDL, low-density lipoprotein cholesterol; HDL, high-
density lipoprotein cholesterol; GGT, γ-glutamyl transpeptidase; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; SBP, systolic blood pressure; DBP, diastolic blood pressure; Plaque, plaque score.
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HbA1c by AUC in ROC analysis for both vascular complications occurring with progressive diabetes (Fig. 6). 
AGE z-scores are considered more indicative of a patient’s lifestyle than absolute AGEs levels. Furthermore, free 
AGEs are more significant than total AGEs in evaluating changes, disease states, and diagnostic models.

Patients with long-term diabetes not only present a higher risk of diabetic complications but also have 
increased AGE levels. Our study showed a weak positive correlation between each AGE and the duration of 
diabetes, potentially might affect by effective drug treatments with biguanides, such as  metformin29,30 (Fig. 2, 
Supplementary Table 1). The levels of free and protein bound CML, CEL, and MG-H1 have been reported to 
increase in the sera of patients with diabetic nephropathy with the development of chronic kidney  disease17. 
CML levels in sera increase with the progression of  retinopathy31. AGE levels in the skin are high in patients 
with neuropathy, and protein-bound CML in serum is elevated in patients with type 1  macroangiopathy32. In 
addition, skin autofluorescence (SAF) increases and is correlated with macroangiopathy and microangiopathy 

Figure 3.  AGE variation in macrovascular complications. (a) Free Lys, (b) free Arg, (c) free CML, (d) free CEL, 
(e) free MG-H1, (f) total Lys, (g) total Arg, (h) total CML, (i) total CEL (j) total MG-H1 levels were compared 
between non-Mac (N = 116) and Mac (N = 38). Data are shown with box-plot, bold horizontal bars indicating 
median values. Statistical analysis: Wilcoxon rank sum test; *P < 0.05; **P < 0.01; ***P < 0.001.
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in patients with type 1 diabetes (T1DM)18. Comparison of our data with those previous reports demonstrated 
that total CML levels increased in patients with Mac, whereas single AGEs tended to increase in patients with 
Mic. Nonetheless, there were some differences, as some AGEs were present in very low concentrations or the 
formation of different AGEs varied, which could be influenced by good glycemic control through treatment 
or merely by the sampling method used. Free amino acids comprise only 0.5–5% of blood compared to bound 
amino acids. The degradation of glycated proteins was reported to be promoted at moderate glucose  levels33. 
Our data showed that in patients with type 2 diabetes and vascular complications Mac and Mic described that 
free CML (nM) exhibited a more significant change than total CML. Specifically, free CML (nM) demonstrated 
a significant difference compared to total CML (mmol/mol Lys) in both macrovascular and microvascular 
complications. Similarly, for free MG-H1 versus total MG-H1, free MG-H1 (nM) exhibited a more significant 
change than total MG-H1 (mmol/mol Arg) in patients with vascular complications. However, for free CEL vs. 
total CEL, there was no significant difference between patients with or without vascular complications. Total 

Figure 4.  AGE variation in microvascular complication. (a) Free Lys, (b) free Arg, (c) free CML, (d) free CEL, 
(e) free MG-H1, (f) total Lys, (g) total Arg, (h) total CML, (i) total CEL (j) total MG-H1 levels were compared 
between non-Mic (N = 60) and Mic (N = 94). Data are shown with box-plot, bold horizontal bars indicating 
median values. Statistical analysis: Wilcoxon rank sum test; *P < 0.05; **P < 0.01; ***P < 0.001.
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CEL (nM) showed more significant changes than free CEL (mmol/mol Lys) in macrovascular complications, 
while free CEL showed more significant changes in microvascular complications (Supplementary Table 3). The 
significant variation in free AGEs compared to total AGEs in the serum might result from degradation of free 
AGEs in tissues that flow into the blood.

Numerous reports have highlighted the correlation between kidney function and AGEs. For instance, a 
strong negative correlation between eGFR and free MG-H1 (r = − 0.7) was reported in patients with diabetes in 
 CKD17. We evaluated AGEs variations in nephropathy patients and confirmed that total CML and total CEL levels 
increased as eGFR decreased, with a particularly sharp rise observed at the G5 stage of kidney disease (eGFR < 
12)20. In our study, eGFR showed a negative correlation with free CML (r = − 0.49) and free MG-H1 (r = − 0.5) 
in patients with vascular complications in type 2 diabetes. However, our data did not show a strong correlation, 
which might be due to the severe eGFR levels below 50 in the corrected samples. In the current study, each AGE 
was higher in patients with Mic than in those without Mic, although there were no differences in eGFR levels 
between these groups. This might be due to the use of well-controlled diabetic outpatients who did not exhibit 
significant eGFR deterioration, thus not showing the impact of eGFR on AGEs levels. Furthermore, this might 

Figure 5.  AGE z-scores variation in each vascular complication. (a) AGE z-score (free) between non-Mac and 
Mac, (b) AGE z-score (total) between non-Mac and Mac, (c) AGE z-score (free) between non-Mic and Mic were 
described. Data are shown with box-plot, bold horizontal bars indicating median values. Statistical analysis: 
Wilcoxon rank sum test; *P < 0.05; **P < 0.01; ***P < 0.001.
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suggest that the AGE generation pathway was active, and the increased levels were not due to decreased excretion 
resulting from a decline in eGFR levels in patients with Mic.

The limitations of this study include the collection of patients with diabetes from a single university hospital, 
the influence of the patients’ geographic area or habits, and the small size of the study group. Clinical samples 
with well-controlled variables were randomly collected, resulting in only 38 samples with macrovascular compli-
cations. However, the statistical power to detect differences in microvascular and macrovascular complications 
was over 80% in logistic analysis. Future studies should gather more cases of macrovascular complications from 
various geographic areas and multiple hospitals. This will enable a comparison of similar sample sizes and better 
demonstrate the relation between macrovascular complications and AGEs. These studies should also include 
patients both before and after the onset of vascular complications.

AGEs can be measured relatively easily using fluorescent  properties26 and immunochemical methods, as 
well as mass spectrometry. However, this approach has some issues. Autoantibodies against AGEs are present in 
 serum34,35, which can interfere with accurate measurement by competitive ELISA. Additionally, heating serum 
for  pretreatment36, sometimes necessary when measuring AGEs with antibodies, can generate artifact  CML37 and 
 pentosidine26 from Amadori rearrangement products. Consequently, accurately quantifying low levels of AGEs 
in serum using immunochemical methods is challenging. These issues should be considered when quantifying 
AGEs with antibodies.

In conclusion, the results of this study suggest that AGEs could be used as biomarkers for the routine evalua-
tion of disease progression in patients with diabetes. Furthermore, a greater number of clinical samples could be 
analyzed more efficiently using the FSPES approach. AGEs z-scores could help identify each vascular complica-
tion in progressive diabetes. Although, it would be necessary to examine AGEs z-scores to evaluate complica-
tions in combination with other parameters, such as eGFR, more precisely. The applicability of AGE z-scores 
to predict complications in the early disease stage should be evaluated by cross-sectional studies in the future.

Methods
Chemical reagents
The following chemicals were used in this study: CML and CEL (Poly Peptide Laboratories, Strasbourg, France); 
Arg and Lys (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan); isotope-labelled internal standards 
(ISTDs) of  [2H2]-CML,  [2H4]-CEL, and  [2H3]-MG-H1 (Poly Peptide Laboratories, Strasbourg, France),  [13C6] 
lysine, and  [13C6] arginine (Cambridge Isotope Laboratories, Inc., Tewksbury, USA). MG-H1 was synthesized 
as described  previously38. Ultrapure water  (H2O), acetonitrile (MeCN), and formic acid for LC–MS/MS were 
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).

Participants
This cross-sectional observational cohort study included 178 patients with type 2 diabetes mellitus (T2DM) 
recruited from the diabetes clinic at Kumamoto University Hospital (Kumamoto, Japan) between March 2021 

Table 2.  Logistic regression analysis of changes in AGE levels in patients with macrovascular and 
microvascular complication. NA described over 1000. The significance level was set 0.05. Significance value 
was indicated in bold. a OR = odds ratio, CI = confidence interval.

Factors

Univariate Multivariable

ORa 95%  CIa P value ORa 95%  CIa P value

(a) Univariate and multivariable logistic regression analyses in patients with macrovascular 
complications

 CML (nM) 1.0e+00 1.00, 1.01 0.11

 CEL (nM) 1.0e+00 0.99, 1.06 0.14

 MG-H1 (nM) 1.0e+00 1.00, 1.00 0.039

 CML (mmol/mol Lys) 3.0e+08 60.3, NA 0.013

 CEL (mmol/mol Lys) 9.7e+29 NA, NA 0.008

 AGEs z-score (free) 1.8e+00 1.22, 2.69 0.002 1.28 0.79, 2.09 0.320

 AGEs z-score (total) 1.8e+00 1.22, 2.71 0.003 1.31 0.81, 2.11 0.267

 eGFR 9.7e-01 0.95, 0.99  < 0.001 0.98 0.96, 1.00 0.100

Factors

Univariate Multivariable

ORa 95%  CIa P value ORa 95%  CIa P value

(b) Univariate and multivariable logistic regression analyses in patients with microvascular 
complications

 CML (nM) 1.01e+00 1.00, 1.02 0.002

 CEL (nM) 1.04e+00 1.01, 1.08 0.020

 MG-H1 (nM) 1.01e+00 1.00, 1.01  < 0.001

 CML (mmol/mol Lys) 5.24e+06 1.52, NA 0.044

 AGEs z-score (free) 2.00e+00 1.38, 3.04  < 0.001 1.98 1.32, 3.09 0.001

eGFR 9.87e-01 0.97, 1.00 0.092 1.00 0.98, 1.02 0.883
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and August 2021. T2DM was diagnosed according to the criteria of the World Health  Organization39. Patients 
with T1DM, patients who tested positive for glutamic acid decarboxylase (GAD) antibodies, patients with a his-
tory of ketoacidosis, and patient’s dependent on insulin therapy for survival were excluded. Patients with severe 
liver disease, malignancy, or acute/chronic inflammatory disease were also excluded. Finally, data from 154 
patients with T2DM (81 men and 73 women) were analyzed (Supplementary Fig. 1). Current treatment uses of 
hypoglycemic, antihypertensive, or antihyperlipidemic agents was recorded. Serum samples from patients with 
diabetes were stored at − 80 °C until use.

For all participants, age, sex, history of diabetes, height, weight, blood pressure, and plaque score were 
recorded. The body mass index was calculated as weight divided by height in meters squared (kg/m2).

Compliance with ethical guidelines
All procedures involving human participants were performed in accordance with the ethical standards of the 
institutional and/or national research committee and the 1964 Helsinki Declaration and its later amendments 
or comparable ethical standards. The study protocol was approved by the Human Ethics Review Committee of 
Kumamoto University (Protocol Number 1737) and registered at UMIN-CTR (UMIN000015966). All partici-
pants provided their informed consent in writing.

Figure 6.  ROC curves for AGE z-scores and other parameters. (a) Free CML (orange), free CEL (yellow), free 
MG-H1 (lime green), total CML (green), total CEL (light green), AGE z-score (free) (light blue), AGE z-score 
(total) (blue), HbA1c (purple), and eGFR (pink) of ROC curves in patients with macrovascular complications 
were created based on the values for 154 cases. (b) Free CML (orange), free CEL (yellow), free MG-H1 (lime 
green), total CML (green), AGE z-score (free) (light blue), HbA1c (purple), and eGFR (pink) of ROC curve in 
patients with microvascular complications were created based on the values for 154 cases. AUC is presented on 
the graphs.
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Measurements of blood and urine parameters
To avoid the influence of external factors on glucose homeostasis, morning blood samples were collected from 
fasting participants. Fasting plasma glucose concentrations (FPG) HbA1c, triglycerides, high-density lipoprotein 
cholesterol (HDL-C), aspartate transaminase (AST), alanine aminotransferase (ALT), and γ-glutamyl trans-
peptidase (γ-GGP) were measured using a Hitachi 7600 analyzer (Hitachi Ltd., Tokyo, Japan). The low-density 
lipoprotein cholesterol (LDL-C) concentration was determined using the Friedewald  formula40. The estimated 
glomerular filtration rate (eGFR) was calculated using the formula recommended by the Japanese Society of 
 Nephrology41,42. The urinary albumin-to-creatinine ratio (ACR) was calculated using urinary albumin and 
creatinine concentrations measured in early morning fasting spot urine samples. Patients with microvascular 
complications were defined as those with diabetic retinopathy (DR), neuropathy (DP), or nephropathy (DN). 
Patients with macrovascular complications were defined as those with coronary artery disease (CAD), stroke, 
or peripheral artery disease (PAD).

Assessment of diabetic microvascular complications
According to the criteria of the Japan Diabetes  Society43, DN was determined based on eGFR and the presence 
of albuminuria or proteinuria as follows: ACR ≥ 30 mg/gCr or eGFR < 30 mL/min/1.73  m2. Patients undergoing 
dialysis were excluded. DR was defined as the presence of characteristic changes, such as microaneurysms, hem-
orrhages, cotton wool spots, and new vessel formation. Patients who had previously received treatment for DR, 
such as laser photocoagulation or vitreous surgery, were also defined as having DR. All patients were diagnosed 
by ophthalmologists. The presence of DP was evaluated using the abbreviated diagnostic criteria proposed by the 
Diabetic Neuropathy Study Group in  Japan44. The criteria comprised three items: (i) symptoms, such as tingling 
pain, numbness, and cramping; (ii) absence of the Achilles tendon reflex; and (iii) reduced sense of vibration. 
Patients with more than two positive symptoms were defined as having DP. Therefore, we defined Mic as patients 
with diabetes and either nephropathy and neuropathy or retinopathy. Mac were defined as patients with diabetes 
and either cerebrovascular disease, CAD, or PAD.

Sample preparation
Serum samples were prepared as previously described, with a minor modification, such as the addition of an 
internal  standard20. For total AGEs, 5 μL serum samples were mixed with 20 μL  H2O, 0.01 nmol of  [2H2] CML, 
 [2H4] CEL,  [2H3] MG-H1, 5 nmol of  [13C6] lysine, and  [13C6] arginine. The samples were then reduced with 
100 mM  NaBH4 (in 5 mM NaOH) in 100 mM sodium borate buffer (pH 9.1) at 25 °C for 4 h. After reduction, 
1 mL of 6 M HCl was added to the samples for hydrolysis at 100 °C for 18 h. The hydrolyzed samples were dried 
using a speed vacuum concentrator (Tokyo Rikakikai, Tokyo, Japan). Solid phase extraction was conducted with 
FSPES (Shimadzu Corporation, Kyoto, Japan), as described  previously17. Briefly, dried samples were resuspended 
in 1 mL of 0.1% trifluoroacetic acid (TFA) and passed through a Strata X-C column (Phenomenex, Torrance, 
CA, USA), which had been prewashed with 1 mL of methanol and equilibrated with 1 mL of 0.1% TFA. The 
column was then washed with 3 mL of 2% formic acid (FA) and eluted with 1 mL of 7% ammonia. The eluted 
samples were dried.

For free AGEs, 100 μL serum samples were mixed with 52 μL  H2O, 0.02 nmol of  [2H2] CML,  [2H4] CEL  [2H3] 
MG-H1, 10 nmol of  [13C6] lysine and  [13C6] arginine, and 0.1 M aminoguanidine. The mixture was ultrafiltrated 
for 1 h under − 60 kPa, using 24-well Acroprep filter plates with 3 K Omega membrane (Cytiva, Tokyo, Japan) 
and a vacuum manifold system arranged by Shimadzu Corporation. Next, 50 μL of the filtrates was reduced with 
100 mM  NaBH4 (in 5 mM NaOH) in 100 mM sodium borate buffer (pH 9.1) at 25 °C for 4 h. After reduction, 
samples were resuspended in 900 μL of 0.1% TFA. The subsequent procedures after FSPES were the same as 
described above in total AGEs. The dried samples, which were used for free and total AGE, were resuspended 
in 0.2 mL of 20% MeCN containing 0.1% FA.

Measurement of AGEs via LC–MS/MS
Sample preparations obtained above were filtered through an ISOLUTE FILTER + (Biotage, Stockholm, Sweden) 
at − 20 kPa for 15 min using the vacuum manifold system (Shimadzu Corporation). The samples were analyzed 
using an LCMS-8060 (Shimadzu Corporation). The injection volume was 10 µL. LC was performed on a ZIC-
HILIC column (150 × 2.1 mm, 5 μm) (Merck Japan, Tokyo, Japan). The mobile phase was composed of solvents 
A  (H2O containing 0.1% FA) and B (MeCN containing 0.1% FA). The flow rate was set at 0.2 mL/min, and the 
column was kept at 40 °C. The retention times for these AGEs and amino acids were approximately 11–13 min. 
AGEs and amino acids were detected using electrospray ionization and positive ion mass spectrometric multiple 
reaction monitoring. Analytic information on the fragment ions and parent ions of these AGEs and amino acids 
is described in Supplementary Table 4.

Statistical analysis
All analyses were performed using R-4.2.1 for Windows. Patient biological parameters and AGE levels were com-
pared for each variable using the Wilcoxon rank sum test, as the sample data did not show normality using the 
Shapiro–Wilk test. In Table 1 and Supplementary Table 2, data are reported as median (IQR) for each parameter 
and the number of patients in each group (n, %). The significance level for all data was set at 0.05. For analysis of 
correlations between parameters and AGEs, Spearman’s correlation was used. For the z-score, all AGE levels were 
logarithmically normalized to reduce the potential influence of outliers and to obtain a normal  distribution24. In 
the macrovascular complications group, free AGE z-scores were calculated by averaging and standardizing the 
z-scores of free CML, free CEL, and free MG-H1. Total AGE z-scores were calculated by averaging and standard-
izing the z-scores of total CML and total CEL. In the microvascular complications group, free AGE z-scores were 
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calculated by averaging and standardizing the z-scores of free CML, free CEL, and free MG-H1. The patient’s 
AGE z-scores were compared for each variable using the Wilcoxon rank sum test. Univariate logistic regression 
analysis was used to compare single AGE and AGE z-scores to identify potential complications. Multivariable 
logistic regression analysis was used to determine which AGE z-scores could identify each complication, includ-
ing the influence of eGFR. In the ROC curve analysis, AUC determined how AGE z-scores were fit for diagnostic 
models to identify the complications.

Data availability
The datasets used during the current study available from the corresponding author on reasonable request.
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