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Abstract

Background Chronic kidney disease (CKD) is a significant public health concern associated with high morbidity and
mortality rates, particularly in populations with type 2 diabetes and hypertension. Advanced glycation end products
(AGEs) are implicated in CKD pathogenesis, but their association with the estimated glomerular filtration rate (eGFR)
remains unclear. We aimed to assess the associations between AGE levels and the eGFR.

Methods We conducted a cross-sectional analysis of baseline data from the Health Workers Cohort Study (2004-
2006), which included 1,621 adults. AGE levels were categorized into quartiles, and the eGFR was calculated via the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 2009 equation. Quantile and logistic regression models
were used to assess the associations between AGEs and the eGFR, adjusting for potential confounders.

Results The median AGE level was 334 uU/ml, and the prevalence of low eGFR (<60 mL/min/1.73 m?) was 4.7%.
Quantile regression analysis revealed a significant reduction in the eGFR, particularly in the 10th percentile. Logistic
regression models revealed that a 100 uU/ml increase in AGE level was associated with increased odds of a low eGFR
(OR:1.06, 95% Cl: 1.03-1.09). Participants with very high AGE levels had greater odds of having a low eGFR than those
in the lowest category did (OR: 2.21, 95% Cl: 1.00-4.88).

Conclusion FElevated AGE levels were associated with lower eGFRs and increased odds of low eGFRs. These
findings underscore the potential role of AGEs in CKD development and suggest the importance of targeting AGE
accumulation for CKD prevention and management in high-risk populations.
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Introduction

Chronic kidney disease (CKD) is characterized by struc-
tural alterations or a reduction in kidney function, typi-
cally indicated by an estimated glomerular filtration rate
(eGFR) of less than 60 mL/min per 1.73 m? persisting
for at least three months [1]. CKD imposes a substan-
tial burden of morbidity and mortality globally, particu-
larly affecting individuals with type 2 diabetes (T2D) and
hypertension [1, 2]. Projections from the Global Burden
of Disease estimated that CKD could escalate to become
the fifth leading cause of death by 2040 [3]. In Mexico,
between 1990 and 2017, the mortality rate attributed to
CKD increased by 102.3%, a significantly greater increase
than the 33.0% reported in Latin America [4].

CKD risk is intricately linked to hyperglycemia, which
induces renal dysfunction and deterioration [1, 5]. This
process triggers a cascade of events culminating in the
formation of advanced glycation end products (AGEs),
toxic and irreversible compounds formed through
non-enzymatic reactions between reducing sugars and
proteins, lipids, or nucleic acids [6—8]. AGEs are impli-
cated in the development and progression of a variety of
hyperglycemia-related disorders, including T2D, cardio-
vascular disease, dementia, and CKD [9-13]. Due to the
kidney’s essential role in AGE clearance and reabsorp-
tion, the accumulation of AGEs disrupts the glomerular
membrane, leading to glomerular sclerosis, tubulointer-
stitial fibrosis, and eventual kidney damage [7, 14-18].
Furthermore, the activation of AGE receptors (RAGEs)
in renal vasculature and tubular epithelium promotes the
production of pro-inflammatory cytokines and oxidative
stress, exacerbating kidney injury [2, 19]. This cascade
of inflammation, fibrosis, and glomerulosclerosis signifi-
cantly compromises kidney structure and function.

AGEs, both endogenous and exogenous, contribute to
the progression of CKD. Endogenously, they form during
normal metabolic processes or in pathological conditions
such as diabetes and kidney disease. Exogenously, they
can be absorbed from foods rich in fat, sugar, or those
that are grilled or processed [20]. Once accumulated,
AGEs bind to RAGE, inducing inflammatory and oxi-
dative stress pathways that damage renal tissue. Empa-
gliflozin, a sodium-glucose cotransporter 2 (SGLT2)
inhibitor, has been shown to mitigate renal and metabolic
dysfunction in diabetic animal models by blocking the
AGE-RAGE axis, supporting the therapeutic potential
of targeting this pathway to prevent CKD in individuals
with T2D and other related comorbidities [21]. Activa-
tion of the AGE-RAGE axis stimulates the production of
cell growth factors and oxidative stress, releasing reactive
oxygen species and inflammatory mediators that aggra-
vate kidney damage over time [19, 22]. Environmental
factors, including dietary intake, and disease conditions
such as T2D, influence RAGE expression levels, which
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in turn modulate kidney disease progression [11, 13, 18,
23]. Elevated RAGE levels are inversely correlated with
metabolic parameters like triglycerides, HbAlc, insulin
resistance, and obesity, underscoring the complex rela-
tionship between molecular, environmental, and patho-
logical factors in CKD progression [18, 19, 22].

In Mexico, where the mortality rates from T2D, hyper-
tension, and kidney disease are among the highest in the
world [4, 24], understanding the role of AGEs in CKD
pathogenesis is critical. This study aims to assess the
association between AGE levels and eGFR in the Mexi-
can population, providing valuable insights for disease
prevention, early detection, and targeted interventions.
By elucidating the impact of AGEs in CKD, it is hoped
that novel strategies to reduce AGE accumulation or
modulate the AGE-RAGE axis can be developed to
improve kidney health in high-risk populations.

Methods and materials

Study population

We conducted a cross-sectional analysis to assess the
association of interest, utilizing baseline data (2004—
2006) from the Health Workers Cohort Study (HWCS).
The main purpose of the HWCS was to evaluate the asso-
ciations between specific lifestyles and genetic predispo-
sitions with different health outcomes, as detailed in a
prior study [25].

For this study, we included adults (aged > 18 years) who
participated in the baseline measurement of the cohort,
had serum samples available for AGE measurement,
and provided complete information on the variables of
interest, including serum creatinine, age, and sex. We
excluded nonadult participants (<18 years) (n=163) and
those without plasma levels of AGEs (n=334). We elimi-
nated individuals with extreme and implausible levels
of AGEs (n=1). Following these criteria, a total of 1,621
participants were eligible for analysis (Fig. 1). The eth-
ics committees at the Mexican Social Security Institute
approved the HWCS protocol, questionnaires, proce-
dures, and informed consent (12CEI 09 006 14). All par-
ticipants signed a written informed consent form before
enrollment.

Exposure variable: advanced glycation end products
(AGEs)

A venous blood sample was obtained after a minimum
fasting period of 8 h for hematological and chemical
analysis via the Selectra XL instrument (Randox). Serum
levels of AGEs derived from glucose were measured via
radioimmunoassay utilizing the gamma counter Cobra
II (Packard Instrument Company, Inc., Connecticut,
USA). The quantification of AGEs was performed via
precise titration with purified polyclonal anti-AGE anti-
bodies against a preparation of bovine serum albumin
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HWCS baseline
measurement
(n=2.119)

No plasmatic levels of AGEs
(n=334)

Extreme AGEs levels (n=1)
<18 years of age (n=163)

Sample for the
current analysis
(n=1.621)

Fig. 1 Study flow chart of the study population

containing glucose dissolved in a phosphate buffer [11,
26]. This method was chosen for its cost-effectiveness
and suitability for large-scale population screening. The
AGE levels are expressed in pU/ml units. Quartiles were
utilized to categorize AGE levels into four categories
(low, medium, high, and very high) because of the lack of
consensus on cutoff points or reference values.

Outcome: estimated glomerular filtration rate (eGFR)

We calculated the eGFR via the CKD-EPI 2009 equa-
tion, which incorporates serum creatinine (mg/dL), age
(years), and sex as variables [27-29]. Consistent with the
KDIGO 2012 Guidelines, eGFR categories were defined
as low when <60 mL/min/1.73 ™ units were used [30].
Serum creatinine levels were measured via the enzy-
matic calorimetry method with a Selectra XL instrument
(Randox Laboratories, Crumlin, United Kingdom) and
are expressed as continuous values in mg/dL units [25].
We used the GFR, a key indicator of kidney function,
to assess the filtering capacity of the kidneys’ functional
nephrons. It is highly valued for its ability to detect early
kidney failure and monitor kidney function in healthy
and sick individuals [30, 31]. To classify GER levels, we
applied the CKD-EPI 2009 equation, which is known for
its precision in calculating higher GFRs than the MDRD
equation does. This equation minimizes false-positive
results and is widely regarded as the optimal index for
assessing renal function in diverse populations [27-29].

Covariables

Sociodemographic and lifestyle characteristics
Sociodemographic and lifestyle information, includ-
ing age, sex, education level, smoking status, leisure-
time physical activity, and dietary intake, was obtained
through self-report questionnaires [25]. Education level
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was classified into three categories: elementary school,
high school, and university or more. Smoking status was
categorized as never smoker, former smoker or current
smoker.

Leisure-time physical activity was assessed using a
validated instrument in the Mexican population and
expressed in minutes/day [25, 32]. The participants were
considered active if they engaged in at least 150 min of
moderate-intensity aerobic physical activity per week or
an equivalent combination of moderate-intensity and
vigorous-intensity activity [33].

Diet was evaluated via a semiquantitative food fre-
quency questionnaire (FFQ) validated in the Mexican
population [34]. The FFQ collected data on the consump-
tion of 116 foods during the previous year, including
details on portion size and frequency. Energy intake was
calculated and expressed in kcal/day [35]. AGE intake
was estimated via a food database of 549 foods, following
the methodology described by Robles-Rivera et al., and
expressed in pU/ml/day [11, 36].

Anthropometric and clinical measurements

The anthropometric and clinical measurements were
conducted by trained nurses via a standardized proce-
dure, ensuring consistency and reliability (reproduc-
ibility assessed with kappa coefficients of 0.83 and 0.90,
respectively).

Participant heights were obtained via conventional
stadiometers (Seca 206, Hamburg, Germany), whereas
weight was assessed via calibrated electronic scales
(model BC-533; TANITA). Waist circumference was
measured at the highest iliac crest point and expressed in
cm units [25].

Body mass index (BMI) was calculated via the for-
mula BMI =weight (kg)/height? (m?), and the values are
expressed in kg/m? units. The participants were catego-
rized on the basis of their BMI as normal weight (>
18.5-24.9 kg/m?), overweight (25-29.9 kg/m?), or obese
(> 30 kg/m?) [37].

Blood pressure was measured following standard-
ized methods via a sphygmomanometer approved by the
WHO (Omron HEM-7200, Omron Corporation, Matsu-
saka, Japan), and two measurements were taken during
each visit. The average of these measurements, recorded
in mm/Hg, was used for analysis [25].

Hypertension was defined on the basis of the follow-
ing criteria: self-reported diagnosis of hypertension
confirmed by a physician; any participant with a systolic
blood pressure of > 140 mmHg or a diastolic blood
pressure of > 90 mmHg; or participants with a prescrip-
tion for any antihypertensive medication [38].

Fasting glucose samples were processed via the enzy-
matic calorimetry method with a Selectra XL instrument
(Randox Laboratories, Crumlin, United Kingdom) [25].
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Prediabetes was defined by a serum fasting glucose level
> 100 - < 126 mg/dL. T2D was defined on the basis of
the criteria described by the American Diabetes Asso-
ciation (ADA) [39], which included self-reported diag-
nosis confirmed by a physician, serum fasting glucose >
126 mg/dL, or antidiabetic drug prescription.

Statistical analysis

Descriptive analysis of baseline characteristics was esti-
mated by AGE level categories defined by quartiles. Con-
tinuous variables are summarized using medians and
interquartile ranges (P25-P75), whereas categorical vari-
ables are presented as proportions. The normality of con-
tinuous variables was assessed via the Shapiro-Wilk test
prior to analysis. Differences between AGE categories
were evaluated via tests for trends across ordered groups.

Two analytical approaches were employed in this study.
First, quantile regression models were used to estimate
the change in eGFR per unit change in AGEs (100 pU/
ml) at different percentiles (10th, 25th, 50th, 75th, and
90th) of the eGFR distribution. The final quantile regres-
sion model was graphically presented to illustrate the
relationship between a 100-unit change in AGEs and the
eGFR across various percentiles. Quantile regression was
chosen due to violations of the underlying assumptions of
linear regression, such as heteroscedasticity and nonnor-
mality of residuals [40, 41], offering a robust approach to
analyze the association between AGEs and eGEFR across
different percentiles of the eGFR distribution.

Second, logistic regression models were employed
to estimate odds ratios (ORs) to assess the associations
between continuous and categorical AGEs, defined by
quartiles, and low eGFRs. We conducted four models
for these two analyses, each incorporating progressively
different sets of covariables to examine the associa-
tion between AGEs and low GFR. Model 1 was adjusted
for age, sex, and education. Model 2 was additionally
adjusted for physical activity, smoking status, dietary
AGEs, and total energy. Model 3 was further adjusted for
T2D and hypertension. Finally, Model 4 was additionally
adjusted for BMI categories. Statistical significance was
determined with a threshold of p values < 0.05, employing
a two-tailed hypothesis. All analyses were performed via
STATA version 14.0 (StataCorp, College Station, Texas,
USA).

Results

The median age of the study population was 45 years
(P25-P75: 36-55), and 75.5% were women. The median
AGE level was 334 uU/ml (211-502), and the prevalence
of low eGFR was 4.7%. Table 1 describes the population
characteristics according to AGE categories defined by
quartiles. The AGE values in each category ranged as fol-
lows: low (<210.6 pU/ml), medium (210.6 to 333.7 pU/
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ml), high (333.8 to 502.6 uU/ml), and very high (>502.6
pU/ml) (Table 1).

We observed that individuals in the highest category of
AGEs had greater age, body mass index (BMI), waist cir-
cumference, and fasting plasma glucose levels than those
in the lowest category. Additionally, the highest propor-
tion of individuals with an elementary school education
level were in the very-high-AGE category. In contrast,
lower levels were observed in those with a university edu-
cation or higher. We also found that the highest propor-
tion of individuals with obesity, low eGFR, hypertension,
or T2D were in the very-high-AGE category compared
with the lowest category.

Associations between AGE levels and eGFRs

According to the quantile regression analysis, we only
observed a statistically significant reduction in the 10th
percentile of the eGFR. Across all the adjustment mod-
els, the associations remained consistent. In Model 4,
for each increment of 100 units of AGEs, we observed
a reduction in the eGFR of 0.48 mL/min (95% CI -0.74,
-0.22) (Table 2). Additionally, Fig. 2 depicts the trend
of coefficients across eGFR quantiles, illustrating the
relationship between AGEs and eGFR across different
percentiles.

Associations between ages and low eGFRs

We found that for every 100 pU/ml increase in plasma
AGE levels, participants had greater odds of having
a low eGFR, even after adjusting for age, sex, and edu-
cation (OR 1.06; 95% CI 1.03-1.09). This association
remained significant after adjusting for all confounding
variables (1.06; 95% CI 1.03—1.09). In terms of the asso-
ciations between AGE categories and low eGFRs, similar
trends were observed. Compared with those in the low-
est category, participants with very high levels of AGEs
had significantly greater odds of having a low eGFR,
even after adjusting for age, sex, and education (OR 2.22;
95% CI 1.02-4.85). This association persisted even after
additional adjustments for physical activity, smoking
status, dietary AGEs, total energy intake, T2D, hyperten-
sion, and BMI categories (OR 2.21; 95% CI 1.00—4.88)
(Table 3).

Stratified analyses revealed differential associations
between AGEs and reduced eGFR across different sub-
groups. The association was more marked in women
(OR: 1.05; 95% CI: 1.02-1.09), whereas it did not reach
statistical significance in men (OR: 1.08; 95% CI: 0.96—
1.21). Participants aged >45 years showed significantly
higher odds of reduced eGFR associated with AGEs (OR:
1.06; 95% CI: 1.03-1.09), while no significant associa-
tion was observed in those <45 years (OR: 0.82; 95% CI:
0.52-1.29).
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Table 1 Sociodemographic and lifestyle characteristics by AGES categories
Characteristics Low* Medium High Very-high P-trend
n=406 n=405 n=405 n=405
<210.6** 210.6-333.7 333.8-502.6 >502.6

Age, years® 41(33-48) 43(35-51) 49(37-58) 50(41-60) <0.001
Sex, %
Women 83.0 74.7 73.8 71.1 <0.001
Level of education, %
Elementary school 16.8 259 35.1 40.7 <0.001
High school 234 254 222 20.0 0.179
University or more 56.9 474 417 380 <0.001
Leisure time physical activity, min/day 12.7(3.2-314) 12.9(4.3-35.5) 16.1(3.2-42.9) 12.9(3.2-364) 0.221
Active, % 29.3 326 40.3 326 0.095
Body mass index, kg/cm?? 25.4(23.0-28.0) 25.6(23.6-28.3) 26.2(23.8-29.1) 26.5(24.0-29.8) <0.001
Overweight, % 421 380 44.2 420 0.580
Obesity, % 134 18.1 18.9 24.1 <0.001
Waist circumference, cm? 85(79-93) 89(81-97) 93(83-101) 93(84-101) <0.001
Systolic blood pressure, mmHg® 113(107-122) 115(109-124) 116(109-125) 116(108-124) 0.011
Diastolic blood pressure, mmHg® 70(64-77) 71(66-78) 71(65-79) 70(64-76) 0.892
Fasting plasma glucose, mg/dL? 87(81-94) 90(83-97) 91(84-99) 91(85-102) <0.001
eGFR, mL/min per 1.73 m?? 91.1(79.5-106.5) 92.7(79.5-105.8) 92.5(78.0-105.1) 92.5(77.6-105.0) 0.718
>90 mL/min per 1.73 m2,% 527 538 524 54.1 0.670
<90 to 60 mL/min per 1.73 m?, % 44.8 42.7 42.2 385 0.066
<60 mL/min per 1.73 m2, % 25 35 54 74 0.001
Smoking status, %
Former 27.9 23.0 26.2 309 0.202
Current 16.3 16.3 16.8 15.3 0.751
Hypertension, % 244 277 311 37.8 <0.001
Prediabetes, % 22 40 3.7 45 0117
Diabetes type 2, % 54 57 82 139 <0.001
Energy intake?, kcal/day 2016(1550-2498) 1955(1454-2486) 1999(1557-2606) 1931(1479-2536) 0612
AGES intake ¢, uU/ml/day 6037(4639-8414) 6107(4316-8045) 6320(4707-7931) 5878(4339-7712) 0.263
@ Median(P25-P75). *AGES categories were defined by quartiles. **AGEs range defining the AGEs categories
Table 2 Quantile regression results between AGES levels and eGFR for the different percentiles
Models 10th 25th 50th 75th 90th

68* 78.6 91.9 105.3 116.6

Coefficient(95%Cl) Coefficient(95%Cl) Coefficient(95%Cl) Coefficient(95%Cl) Coefficient(95%Cl)
Model 1 -0.39 -0.12 -0.003 0.01 -0.006

(-0.63,-0.16) (-0.38,0.15) (-0.028,0.27) (-0.10,0.13) (-0.13,0.12)
Model 2 -042 -0.14 0.03 0.06 0.006

(-0.68,-0.16) (-0.39,0.11) (-0.23,0.28) (-0.05,0.17) (-0.17,0.18)
Model 3 -041 -0.16 0.05 003 -0.02

(-0.66,-0.15) (-0.40,0.07) (-0.20,0.30) (-0.09,0.14) (-0.16,0.12)
Model 4 -048 -0.16 0.03 0.03 -0.01

(-0.74,-0.22) (-0.41,0.08) (-0.21,0.28) (-0.09,0.16) (-0.17,0.15)

*eGFR value at each percentile. Model 1: adjusted for age, sex, and education. Model 2: M1 + physical activity, smoking status, Dietary AGEs (Advanced Glycation End
Products), and total energy intake. Model 3:M2 + diabetes and hypertension. Model 4: M3 + BMI categories. *Unit of change 100 uU/ml

Among individuals with diabetes, AGEs were signifi-
cantly associated with reduced eGFR (OR: 1.12; 95% CI:
1.01-1.23), as well as in non-diabetic participants (OR:
1.05; 95% CI: 1.02-1.09). A similar pattern was observed
when stratifying by hypertension status: the association
remained significant in participants with hypertension

(OR: 1.07; 95% CI: 1.02—-1.12), but not in those without
hypertension (OR: 1.04; 95% CI: 0.99-1.09).

When stratified by body mass index (BMI), the
strength of the association between AGEs and reduced
eGFR increased with higher BMI categories. The associa-
tion was not statistically significant in participants with a
normal BMI (OR: 1.04; 95% CI: 0.99-1.10). However, in
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Fig. 2 Quantile plots for the effect of eGFR on AGE levels. The red line
represents the coefficient with a 95% confidence interval. The solid green
lines are the ordinary least square regression lines with 95% confidence
intervals (dashed green lines). The unit of change was 100 uU/ml. Model
adjusted for age, sex, education, physical activity, smoking status, dietary
AGEs (advanced glycation end products), total energy, diabetes, hyperten-
sion, and BMI categories

overweight individuals, the association became signifi-
cant (OR: 1.06; 95% CI: 1.01-1.11). The association was
strongest among those with obesity (OR: 1.11; 95% CI:
1.02-1.20) (Fig. 3).

Discussion

This cross-sectional study revealed a significant asso-
ciation between AGEs and low GFR. Quantile regression
analysis revealed a significant association for the tenth
percentile of the eGFR, independent of known risk fac-
tors for kidney damage.

AGEs play a significant role in various pathological
processes, contributing to tissue damage through mech-
anisms such as tissue deposition, in situ glycation, and
interaction with the receptor for AGEs (RAGE) [7]. AGEs
are known to trigger proinflammatory, profibrotic, and
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procoagulant cellular responses, often targeting specific
organs [7]. The results of this analysis can be explained
by the accumulation of AGEs in the kidney, which con-
tributes to the progressive alteration of renal architecture
and the loss of renal function by glycation of components
of the glomerular filtration barrier or adjacent to it and
the activation of intracellular pathways through the AGE:
RAGE interaction [7].

In this study, we observed an association between
AGE levels and the odds of a low GFR. Notably, 30% of
the samples had hypertension, among whom 40% had a
GFR <60 mL/min, whereas 8% had T2D, of whom 10%
had a GFR<60 mL/min. This inclusion of participants
with diverse health profiles adds robustness to our find-
ings and enhances the generalizability of the results to
populations with varying degrees of comorbidity. Con-
sistent with our results, several studies have reported
elevated levels of AGEs in various conditions associated
with decreased GFR, such as diabetic kidney disease [10]
and loss of renal function in T2D [42], with glycation
considered one of the major pathways to end-organ com-
plications in T2D [43].

In T2D individuals, a composite AGE score derived
from the serum levels of five AGE-free adducts showed
a robust association with kidney function decline. In the
ACCORD study, this score correlated with an annual
decrease in the eGFR of 20.66 mL/min per 1.73 m®
Moreover, the AGE score was associated with a 42%
increase in the risk of renal function loss (HR 1.42, 95%
CI 1.13-1.78), macroalbuminuria (HR 1.53, 95% CI 1.13—
2.06), and high-risk chronic kidney disease (hrCKD) (HR
1.88, 1.37-2.57) [10]. Previous studies have consistently
demonstrated an association between elevated circu-
lating levels of AGEs and a progressive decline in renal
function, regardless of T2D status [10, 42, 44—47]. This
broader body of evidence underscores the importance
of AGEs in renal health and suggests a potential role
in the pathogenesis of renal dysfunction. Importantly,

Table 3 Association between AGES levels and low glomerular filtration rate

AGES levels* OR AGES categories**
(95%Cl) Low Medium High Very-high Ptrend
OR OR OR OR
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
Model 1 1.05 Ref. 1.36 1.71 222 0.031
(1.02-1.08) (0.58-3.16) (0.77-3.81) (1.02-4.85)
Model 2 1.05 Ref. 143 153 222 0.041
(1.02-1.08) 0.61-3.35) (0.67-3.48) (1.01-4.86)
Model 3 1.05 Ref. 1.30 147 2.20 0.036
(1.02-1.09) (0.54-3.09) (0.65-3.36) (0.99-4.84)
Model 4 1.06 Ref. 1.31 147 2.21 0.036
(1.03-1.09) (0.55-3.11) (0.64-3.36) (1.00-4.88)

Model 1: adjusted for age, sex, and education. Model 2: M1+ physical activity, smoking status, Dietary AGEs (Advanced Glycation End Products), and total energy
intake. Model 3: M2 +diabetes and hypertension. Model 4: M3+ BMI categories. *Unit of change 100 uU/ml. **AGES categories were defined by quartiles. Low

Glomerular Filtration Rate <60 mL/min per 1.73 m?
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Fig. 3 Associations between AGEs and low GFR stratified by demographics and health conditions. Model adjusted for age, sex, dietary AGEs, physical ac-
tivity, smoking status, total energy intake, diabetes type 2 and hypertension. For stratified analyses, the stratifying variable was not included in the model
(e.g., for sex-stratified analysis, sex was not included in the model). *Unit of change 100 pU/ml

hemodialysis or peritoneal dialysis is less effective in
removing AGEs from the body [42], resulting in individu-
als undergoing dialysis tending to exhibit higher circu-
lating AGE concentrations than those with normal renal
function [48, 49].

In the ADVANCE study involving 3763 individuals
with T2D, both circulating SRAGE levels were found to
be directly associated with incident or progressive CKD
(HR 1.20, 95% CI 1.02-1.41) and mortality (HR 1.11, 95%
CI 1.00-1.22). Additionally, AGEs were associated with
incident or progressive CKD (HR 1.21, 95% CI 1.08-
1.36). These findings suggest that targeting the AGE:
RAGE axis could be pivotal for preventing and managing
diabetic nephropathy [50].

Additionally, when we excluded participants with
hypertension and T2D, the association between categori-
cal AGE levels and renal function was not statistically
significant, with the direction of the association revers-
ing (Q4 vs. Q1 OR 0.72, 95% CI 0.26—1.96). Conversely,
in the model treating AGEs as a continuous variable,
each 100-unit increase in AGEs was associated with a
1.04 (95% CI 0.99, 1.09) increase in the odds ratio. Inter-
estingly, when quantile regression was employed, the
association of a 100-unit increase in AGEs remained sig-
nificant at the 10th percentile, which is consistent with
our findings from the complete dataset (coefficient — 0.42,
95% CI -0.72, -0.11). This finding suggests a potential

modification effect of underlying medical conditions on
the observed association.

The reduced sample size after excluding these partici-
pants (2=1039 vs. 1621) may have contributed to this
change in results. This suggests that despite the exclusion
of participants with hypertension and T2D, the associa-
tion between AGEs and low GFR persisted at the lower
end of the GFR distribution. Notably, the loss of statisti-
cal power due to the reduced sample size, particularly the
low prevalence of low GFR (<60 mL/min), underscores
the importance of considering statistical power in inter-
preting subgroup analyses.

This study included several strengths, including the
inclusion of both sexes, a wide range of ages, validated
measurements, and extensive information on lifestyle
and dietary factors, as well as potential confounders of
the relationship studied. Additionally, the use of quan-
tile regression allows us to understand the relationships
between variables outside the mean of the data, which
is particularly useful for outcomes that are nonnormally
distributed and have a nonlinear relationship with pre-
dictor variables [51].

Nonetheless, several limitations must be considered.
The cross-sectional design can lead to reverse causation;
it is not possible to fully determine the direction of cau-
sality. However, the results of this analysis are in line with
those of previous studies. Additionally, since individuals
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were unaware of their low eGFR status, it is unlikely that
they changed their exposure factors, reducing the risk
of reverse causality. Although we adjusted for major risk
factors for kidney damage, including type 2 diabetes and
hypertension—defined through self-report, medication
use, and clinical measurements—residual confound-
ing from unmeasured or imprecisely measured variables
cannot be excluded. Notably, adjusting for diabetes and
hypertension may also represent overadjustment, as these
conditions lie on the causal pathway of AGE accumula-
tion and CKD development, potentially attenuating the
observed associations. Additionally, due to the absence
of data on albuminuria or proteinuria, we could not
were unable to assess whether the relationship between
AGEs and kidney function is independent of early renal
injury. Future research should include these parameters
to understand better understand the mechanisms linking
AGEs to renal impairment. Finally, our participants were
middle class, with an important proportion of individuals
with a high level of education. Therefore, it is likely that
the findings of this study can only be extrapolated to indi-
viduals living in urban areas of Mexico.

Nevertheless, given the mechanistic nature of our
objective, representativeness was not a primary concern.
Finally, while we use of an in-house method for measur-
ing AGEs, this approach allowed for the analysis of multi-
ple samples at lower cost and has been validated in other
clinical research settings.

Our results support a positive association between
AGEs and low GFR. Therefore, AGEs might be among
the key contributors to the development of kidney dis-
eases, as they increase oxidative stress through multiple
mechanisms and trigger an inflammatory response.
These processes significantly influence the onset and
worsening of kidney dysfunction [52]. Thus, therapeutic
interventions aimed at preventing the formation of AGEs
can potentially prevent the progression of chronic renal
diseases. These findings underscore the importance of
early identification of AGE levels as potential biomarkers
and the development of therapeutic strategies aimed at
reducing AGE formation for the prevention and manage-
ment of renal diseases.
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