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Abstract Background & aims: To our knowledge the association between dietary advanced gly-
cation end-products (dAGEs) and cardiometabolic disease is limited. Our aimwas to examine the
association between dAGEs and serum concentration of carboxymethyl-lysine (CML) or soluble
receptor advanced glycation end-products (sRAGEs), and to assess the difference on dAGEs
and circulating AGEs according to lifestyle and biochemical measures.
Methods and results: 52 overweight or obese adults diagnosed with type 2 diabetes were
included in this cross-sectional analysis. dAGEs were estimated from a Food Frequency Question-
naire (FFQ) or from a FFQ þ Home Cooking Frequency Questionnaire (HCFQ). Serum concentra-
tions of CML and sRAGEs were measured by ELISA. Correlation tests were used to analyze the
association between dAGEs derived from the FFQ or FFQ þ HCFQ and concentrations of CML
or sRAGEs. Demographic characteristics, lifestyle factors and biochemical measures were
analyzed according to sRAGEs and dAGEs using student t-test and ANCOVA.

A significant inverse associationwas found between serum sRAGEs and dAGEs estimated using
the FFQ þ HCFQ (r Z �0.36, p Z 0.010), whereas no association was found for dAGEs derived
from the FFQ alone. No association was observed between CML and dAGEs. dAGEs intake esti-
mated from the FFQ þ HCFQ was significantly higher among younger and male participants,
and in those with higher BMI, higher Hb1Ac levels, longer time with type 2 diabetes, lower
adherence to Mediterranean diet, and higher use of culinary techniques that generate more AGEs
(all p values p < 0.05).
Conclusions: These results show knowledge on culinary techniques is relevant to derive the as-
sociation between dAGEs intake and cardiometabolic risk factors.
ª 2023 The Author(s). Published by Elsevier B.V. on behalf of The Italian Diabetes Society, the
Italian Society for the Study of Atherosclerosis, the Italian Society of Human Nutrition and the
Department of Clinical Medicine and Surgery, Federico II University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Advanced glycation end-products (AGEs) are a large group
of heterogeneous compounds formed as a result of the
Maillard reaction which occurs between reducing sugars
and amino groups coming from proteins, lipids or nucleic
acids [1,2]. Most commonly measured and best-studied
AGEs are carboxymethyl-lysine (CML), carboxyethyl-
lysine (CEL) and methylglyoxal (MG) derivatives. Endoge-
nous AGEs are formed within the body, and their levels
significantly increase in conditions like hyperglycemia and
oxidative stress [3e5].

AGEs can be also originated from exogenous sources
including food, and they are referred as dietary AGEs
(dAGEs). Animal foods, such as beef, cheese, poultry, pork,
fish, and eggs, contain the highest AGEs levels per 100 g of
food. In comparison to meat, vegetables and fruits gener-
ally contain lower amounts of AGEs [2]. There is still no
consensus on the content of AGEs in fats and oils group
since contradictory results have been found [2,6].
Although AGEs are naturally present in food, dAGEs are
markedly increased by cooking at high temperature,
longer time of application of the heat, lower moisture,
presence of trace metals, and higher pH of the cooking
system [1,2,7]. Thus, cooking techniques such as grilling,
broiling, roasting, searing, and frying generate significantly
more dAGEs compared to boiling, poaching, stewing, and
steaming [2,7].

Several studies have demonstrated the direct associa-
tion between both endogenous AGEs and dAGEs and
pathological processes of many non-communicable dis-
eases [8e13]. Moreover, previous studies have shown that
low AGEs intake may improve insulin resistance, reduced
total cholesterol, low-density lipoprotein cholesterol
(LDLc), leptin, as well as inflammatory (TNFa), oxidative
stress (8-isoprotane), and endothelial dysfunction (VCAM-
1) markers [14e16]. Meanwhile, soluble receptor advanced
glycation end-products (sRAGEs) concentrations are
generally lowered in different disease conditions.

It is not currently clear how dAGEs contribute to body’s
AGEs pool and therefore, how much effect do they have on
human health. One study found that a 10% of ingested
AGEs is absorbed through the intestine, of which one-third
is excreted in the urine while the fate of the rest remains
undetermined [17]. More recently, two studies have shown
that higher intake of dAGEs is directly associated with
higher levels of AGEs in plasma and urine [18,19]. How-
ever, the results have not been conclusive, possibly
because a universal method to estimate dAGEs has not yet
been established [20].

Most studies have derived the intake of AGEs based on
food frequency questionnaires (FFQ) or 2/3 day food re-
cords [18,19,21e26]. However, these FFQ and food records
did not consider in detail culinary techniques. In this
sense, Luevano-Contreras et al. [27] attempted to develop
and validate a specific FFQ to measure dAGEs, although the
questions on the cooking methods were limited to a short
number of foods.
In this study, our aim was to evaluate the correlation
between dAGEs derived from a FFQ or a combination of a
FFQ and a home cooking frequency questionnaire (HCFQ),
and serum levels of CML or sRAGEs measured in partici-
pants of the SUKALMENA pilot study. In addition, we
examined the differences in sRAGEs and dAGEs by sex, age,
body mass index (BMI), glycated hemoglobin (HbA1c),
years with diabetes, and dietary and culinary habits.

2. Methods

2.1. SUKALMENA study

The present work is a cross-sectional study within the
SUKALMENA study, a pilot randomized controlled trial
aimed at evaluating the effect of a culinary nutritional
intervention on changes in health status and dietary and
culinary behaviors among patients with type 2 diabetes
[28]. Participants were recruited at the Basque Culinary
Center (BCC, San Sebastian) or at the University of Navarra
(UNAV, Pamplona). Inclusion criteria were: diagnosis of
type 2 diabetes no treated with insulin, sulfonylureas or
glinides; stable treatment with oral antidiabetic agents
other than sulfonylureas or glinides for 3 or more months;
HbA1c less than 10%; age between 18 and 70 years old;
and being overweight or obesity (BMI 25e40 kg/m2). Only
baseline data were used in the present study.

The SUKALMENA trial is registered at ClinicalTrials.gov
NCT04449120. The Research Ethics Committees of each
recruitment center (BCC and UNAV) approved the
protocol. All participants provided written informed
consent after they received the information sheet and
additional verbal explanation of the study characteristics.

2.2. Anthropometric, body composition, and blood
pressure measurements

Anthropometric, body composition, and blood pressure
measurements were taken at the beginning of the inter-
vention by trained dietitians. Body weight and body fat
were analyzed using a Tanita MC-780 MA (Tanita, Tokyo,
Japan) in BCC or a Tanita RD-545 (Tanita, Tokyo, Japan) in
UNAV, with the participants wearing underwear. Height
was measured using a stadiometer with subjects in bare-
foot. BMI was calculated dividing weight (kg) by the
square of height (m2). Using a tape measure, waist
circumference was measured at the midway between the
lower margin of the least rib and the top of the iliac crest;
and hip circumference as the widest circumference over
the greater buttocks. Waist to hip ratio (waist/hip) was
then calculated.

Blood pressure was measured using an automatic de-
vice (M6 AC Intellisense, OMRON, Healthcare, Hoofddorp,
The Netherlands) and appropriately sized cuff. Three
measurements were carried out in both arms, with the
elbow at the level of the right atrium and with the subject
in a sitting position with a validated automatic oscill-
ometer (Omron M2 HEM-7102-E, The Netherlands).

http://ClinicalTrials.gov
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2.3. Dietary and culinary assessment

Participant’s dietary and culinary habits were recorded at
baseline by trained dietitians using a semi-quantitative
FFQ and a HCFQ, respectively. The semi-quantitative FFQ
comprised a total of 138 food items and 9 consumption
frequencies (never or seldom, 1e3 times/month, once
weekly, 2e4 times/week, 5e6 times/week, once daily, 2e3
times/day, 4e6 times/day, and more than 6 times/day). It
has been previously validated for the Spanish population
[29,30]. We used Spanish food composition tables to
calculate the nutrient composition of the diet, once the
daily food consumption was calculated for each food item
multiplying the consumption frequency by its typical
portion size [31,32]. Adherence to the Mediterranean Diet
(MedDiet) was measured using the score proposed by
Trichopoulou et al. [33].

The HCFQ was designed, in the context of the SUKAL-
MENA study, to evaluate participants’ culinary habits and
the exposure to different culinary techniques [34]. The
questionnaire consists of 174 items categorized into 5
domains: cooking habits, eating habits, use of culinary
techniques, use of different ingredients, and use of kitchen
gadgets. For the present project, we used the information
of the third domain, in which the volunteers were asked
about the use of different culinary techniques for each food
group (eggs, white meat, red meat, fish and seafood, veg-
etables, potatoes, fruits, legumes, and cereals). Each
question has 8 frequency options (never or seldom, 1e3
times/month, 1e2 times/week, 3e4 times/week, 5e6
times/week, once a day, twice a day, and 3 or more times/
day).

2.4. Dietary AGEs assessment

Since there is no information about AGEs in the Spanish
food composition databases, the AGEs content in foods
was obtained from the CMLeAGEs database published by
Uribarri et al. [2]. This database collects data for 549 items
that represent the most consumed foods and the most
applied culinary techniques in the United States of Amer-
ica. Therefore, not all the food items in the FFQ and the
culinary techniques applied to different foods included in
the HCFQ are available in such database. For those food
items not included in the database, the AGEs content was
estimated from similar food items based on nutrient and
ingredients profile. On the other hand, when the AGEs
content for a certain food prepared with a certain culinary
method was not available, the AGEs content of the food
prepared with a similar culinary method was used. For
example, for certain foods prepared by steaming, data of
AGEs content was missing and, in these cases, we applied
the amount of AGEs found in the same food prepared by
boiling.

Because the amount of dAGEs depends on cooking
methods, we estimated dAGEs based on the information of
the FFQ, or on the FFQ þ HCFQ, to compare if the results
obtained from the FFQ þ HCFQ were more accurate than
those estimated from the FFQ. Based on the FFQ, dAGEs
were calculated for each participant multiplying the food
intake in g/day by the concentration of AGEs expressed in
kU/100 g for solid foods or in kU/100 ml for liquid foods. To
estimate dAGEs intake taking into account both, the FFQ
and the HCFQ, a new formula had to be developed. This
formula considers the g/day of each food that were
consumed according to the FFQ and the frequency/day of
use of each culinary technique to cook this food. AGEs
intake for each food group as well as the overall AGEs
intake were calculated.

2.5. Biochemical analysis

At baseline, fasting blood samples were collected from
each subject enrolled in the study and stored at -80 �C
until analysis. Using standard enzymatic automated
methods, serum glucose, total cholesterol, LDLc, high
density lipoprotein cholesterol (HDLc), and triglycerides
were determined. HbA1c and insulin were measured with
an immune turbidimetric assay and a chemiluminescence
immunoassay, respectively.

Serum concentrations of CML were measured using
Immunotag Human CML ELISA Kit (Biosciences, USA) and
sRAGEs were measured using Human RAGEs (R&D Sys-
tems, USA). The latter can measure total levels of sRAGEs
without any distinction between cleaved RAGEs (cRAGEs)
and endogenous secretory RAGEs (esRAGE or RAGEs v1).
Generally, sRAGEs level refers to the total sRAGEs level
[35].

2.6. Statistical analysis

Continuous variables were presented as mean and stan-
dard deviation (SD) whereas categorical variables were
described as absolute number and percentage. Normal
distribution of the main measured variables (serum CML
and sRAGEs, dAGEs derived from the FFQ and from the
FFQ þ HCFQ) was determined using the Shapiro Wilk test.
We applied the decimal logarithm transformation for
those variables not normally distributed and with a log-
normal distribution of their values.

To analyze the association between dAGEs derived from
the FFQ or from the FFQ þ HCFQ and serum concentrations
of CML and sRAGEs we applied the Pearson correlation
test.

To calculate the contribution of each food group to the
between-person variability in dAGEs intake, after
stepwise-selection regression analyses, we applied a series
of nested regression models. The cumulative R2 change
reflects the additional contribution of each food group. To
estimate the contribution of each food group to the total
intake of dAGEs, we calculated the percentage of dAGEs
content of each food group over the total dAGEs intake.

Finally, differences in sRAGEs and dAGEs derived from
the FFQ þ HCFQ by sex, age, BMI, HbA1c, years-with-
diabetes, MedDiet adherence, and usage of culinary tech-
niques were studied by the unpaired Student t-test and by
the ANCOVA once adjusted for confounder variables (sex,
age, HbA1c, BMI, and energy intake). The use of culinary
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techniques was defined as the ratio between culinary
techniques associated with a higher formation of AGEs
(pan frying, grilling, roasting/broiling, deep frying and
breading) and those techniques associated with lower
AGEs formation (steaming, stewing, boiling and micro-
waving) [2]. For continuous variables the median was used
to divide participants into two groups.

Statistical analyses were performed using STATA/SE
16.0. All p values were 2-tailed and a p value < 0.05 was
considered as statistically significant.

3. Results

Of the 53 participants who started the intervention, in the
present study a total of 52 individuals with complete in-
formation on food and culinary habits were included in
the AGEs analyses. Among them, 18 (35%) were female,
Table 1 Baseline characteristics of the SUKALMENA participants
included in the present study.

Characteristic Total population (n Z 52)

Age (years) 57.2 (9.8)
Sex, women 18 (34.6)
Education level
Secondary or less 23 (44.2)
University 29 (55.8)

Civil status
Single 15 (28.8)
Married 28 (53.9)
Others 9 (17.3)

Working status
Working 27 (51.9)
Retired 17 (32.7)
Others 8 (15.4)

Smoking (%)
Never 13 (25.0)
Current 6 (11.5)
Former 33 (63.5)

Physical activity (MET-h/week) 28.9 (23.6)
Weight (kg) 89.1 (12.1)
BMI (kg/m2) 31.6 (4.0)
Body fat % (n Z 51)a 32.7 (8.3)
WC (cm) a 107.6 (9.6)
Glucose (mg/dL) 129.3 (32.1)
Hb1Ac (%) 6.8 (0.8)
Insulin (mcU/mL) 9.8 (6.2)
Total cholesterol (mg/dL) 184.2 (34.7)
HDLc (mg/dL) 52.3 (10.0)
LDLc (mg/dL) 103.9 (29.5)
Triglycerides (mg/dL) 151.0 (98.3)
DBP (mmHg) 86.4 (9.9)
SBP (mmHg) 139.1 (15.6)
CML (ng/ml) 364.8 (180.0)
sRAGEs (pg/ml)b 695.4 (289.7)

Data are mean (SD) for continuous variables and n (%) for categor-
ical variables.
BMI, Body mass index; CML, N∊-(Carboxymethyl)lysine; DBP, Dia-
stolic blood pressure; Hb1Ac, Glycated hemoglobin; HDLc, High
density lipoprotein cholesterol; LDLc, Low density lipoprotein
cholesterol; MET, Metabolic equivalent of task; SBP, Systolic blood
pressure; sRAGEs, soluble receptor advanced glycation end prod-
ucts; WC, Waist circumference.
a 51 participants.
b 50 participants.
and the mean (SD) age was 57.2 (9.8) years, with the
youngest participant being 25 years old and the oldest 70
years old. Baseline sociodemographic, anthropometric and
biochemical characteristics of the population included in
the present study are shown in Table 1. Most of the par-
ticipants had university studies and were working, mar-
ried and former smokers. The mean (SD) BMI, body fat
mass, and waist circumference was 31.6 (4.0) kg/m2, 32.7
(8.3) %, and 107.6 (9.6) cm, respectively. Regarding glyce-
mic parameters, the mean (SD) fasting glucose was 129.3
(32.0) mg/dL, and the mean (SD) HbA1c was 6.8 (0.8).

Dietary and culinary habits of the study population are
shown in Table 2. The mean (SD) energy intake was 2520
(712.1) kcal/day. The mean intake of fat, protein and car-
bohydrates was 117.8, 104.5 and 248.0 g/day, respectively.
The adherence to the MedDiet was 4.4 (2.2) on a 0e9 point
scale [33]. Among the 90% of participants who cooked at
home, 66% cooked between 6 and 7 days a week. In gen-
eral, volunteers of the SUKALMENA study were in charge
of the weekly grocery shopping (96.1%), although they did
not usually plan a weekly menu (57.7%). The culinary
method that was most commonly used among partici-
pants was boiling (8.3 times/week), followed by pan frying
(3.9 times/week).

Mean (SD) serum CML concentration was 364.8 (180.0)
ng/ml and sRAGEs concentration was 695.4 (289.7) pg/ml
(Table 1). Mean (SD) intake of dAGEs was 20 388 (6233)
kU/day and 16 346 (6009) kU/day, derived from the FFQ
and the FFQ þ HCFQ, respectively (Table 2).

Table 3 shows the contribution of different food groups
to the variability in total dAGEs: 98% of the variability can
be explained by white meat, oils, red meat, fish and
processed/ultra-processed foods intake. Oils, white and
red meat were the main foods contributing to dAGEs
intake.

The association of serum sRAGEs concentration with
dAGEs (r Z �0.36, p Z 0.010) derived from the
FFQ þ HCFQ was inversely and statistically significant
(Fig. 1). No significant association was found between
sRAGEs serum levels and dAGEs derived only from the FFQ
(r Z �0.13, p Z 0.361). Moreover, no significant associa-
tion was found between the CML measured in serum and
dAGEs derived from the FFQ þ HCFQ or the FFQ.

Finally, we studied the differences between serum
sRAGEs and dAGEs derived from FFQ þ HCFQ according to
different population characteristics (Table 4). sRAGEs
concentration did not differ by sex, age, BMI, HbA1c, years
with type 2 diabetes, MedDiet adherence, or the use of
culinary techniques. After adjusting for potential con-
founders, the baseline intake of dAGEs was higher among
male compared to female participants (p Z 0.006), and
among younger compared to older participants
(p < 0.001). A significant difference was found for dAGEs
according to BMI, where participants with high BMI
showed the highest AGEs intake (p Z 0.007). According to
HbA1c levels, participants with lower levels consumed less
dAGEs (p Z 0.006). Moreover, in the adjusted model, a
higher dAGEs intake was observed in participants with
longer time since the diagnosis of type 2 diabetes



Table 2 Culinary and dietary habits of the SUKALMENA partici-
pants included in the present study.

Culinary habits Total population
(n Z 52)

Do you plan weekly menus at home?
Yes, I am in charge of weekly meal
planning

17 (32.7)

No, but we do a weekly meal plan at home 5 (9.6)
We do not do a weekly meal plan 30 (57.7)

Are you in charge or do you participate in weekly
grocery shopping?
Yes 50 (96.1)
No 2 (3.9)

Do you cook at home?
Yes 47 (90.4)
No 5 (9.6)

How often do you cook at home? (n Z 47)
�5 days a week 16 (34.0)
�6 days a week 31 (66.0)

Pan frying (times/week) 3.9 (2.4)
Deep frying (times/week) 1.5 (1.6)
Roasting/broiling (times/week) 2.4 (1.9)
Stewing (times/week) 1.3 (1.5)
Boiling (times/week) 8.3 (2.9)
Dietary habits
Energy intake (kcal/day) 2520 (712.1)
Protein intake (g/day) 104.5 (24.6)
Carbohydrate intake (g/day) 248.0 (99.3)
Fat intake (g/day) 117.8 (32.9)
dAGEs derived from FFQ (kU/day) 20 388 (6233)
dAGEs derived from FFQ þ HCFQ (kU/day) 16 346 (6009)
MedDiet adherence (0e9 points)a 4.4 (2.2)

Data are mean (SD) for continuous variables and n (%) for categor-
ical variables.
dAGEs, Dietary advanced glycation end products; FFQ, Food fre-
quency questionnaire; HCFQ, Home cooking frequency question-
naire; MedDiet, Mediterranean diet.
a Score proposed by Trichopoulou et al. [33].
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(p Z 0.010). Participants with higher adherence to the
MedDiet showed a significantly lower dAGEs intake
compared to those with a lower adherence (p Z 0.008). As
expected, the intake of dAGEs was higher in those subjects
who more frequently used the culinary techniques that
generate more AGEs (pan frying, grilling, roasting/broiling,
deep frying and breading) than those culinary techniques
that generate less AGEs (steaming, stewing, boiling and
microwave) (p Z 0.004). No significant differences by
population characteristics were found on serum CML
(Supplementary Table 1).
Table 3 Sources of variability in total dAGEs intake in a diabetic
population according to food groups.

Food group Cumulative R2 Percentage of dAGEs

White meat 0.6591 22.0
Oils 0.7624 33.4
Red meat 0.8820 16.5
Fish 0.9479 14.9
Processed foods 0.9819 5.4

dAGEs, Dietary advanced glycation end products.
4. Discussion

This study shows a statistically significant inverse cross-
sectional association between dAGEs derived from the
FFQ þ HCFQ and serum sRAGEs concentration. Whereas no
significant association was found between dAGEs derived
only from the FFQ and sRAGEs serum levels, and between
the serum concentration of CML and dAGEs derived from
only FFQ or FFQ þ HCFQ. Moreover, the intake of dAGEs
was found to be higher in younger or male participants, as
well as in those with a higher BMI or a longer history of
type 2 diabetes. Likewise, participants with lower HbA1c
levels, better adherence to the MedDiet or those who
chose culinary techniques that generate less dAGEs
(boiling, steaming, stewing and microwave) had a signifi-
cantly lower intake of dAGEs.

Previous studies have reported conflicting results
regarding the relationship between dAGEs and circulating
AGEs. Some studies have found a significant association
between dAGEs and CML in serum and/or urine [19,36,37].
Moreover, despite low levels of absorption, different
intervention studies have reported a decreased serum
AGEs following a low AGEs diet [38,39]. However, as we
observed, other studies failed to show such association
between CMLs and dAGEs [20,40,41]. Although CML is the
most widely studied AGEs, some studies have analyzed the
relationship between dAGEs and other circulating AGEs
rather than CML. For example, a previous study found a
positive statistically significant association between di-
etary intake of CEL and Nd-(5-hydro-5-methyl-4-
imidazolon-2-yl)-ornithine (MG-H1) and their levels in
plasma and urine [19]. Another study observed that a high
AGEs diet (high in red and processed meat and refined
grains) increased plasma CEL levels but not MG-H1 levels
compared to a low AGEs diet (high in whole grains, nuts,
and legumes) [42]. These conflicting results may be due in
part to the complex metabolism of AGEs and how their
levels may vary between individuals [43,44]. In addition, it
is possible that other factors, such as inflammation and
oxidative stress, both conditions present in diabetic pa-
tients, may play a role in the association between dAGEs
and AGEs serum levels. Therefore, further research is
needed to better understand the complex relationship
between dAGEs and serum AGEs levels including those
other than CML.

In our study, we found a negative association between
sRAGEs and the dietary intake of AGEs. There could be
several explanations for this inverse association. On the
one hand, the literature suggests that while a high con-
centration of AGEs is associated with unhealthy effects, a
low concentration of sRAGEs is associated with adverse
health effects, such as diabetes, hypertension and
adiposity [4,45e52]. The study carried out by Miranda
et al. [53] found that obese individuals had a significantly
lower circulating levels of sRAGEs compared to lean in-
dividuals. Also, participants with impaired glucose toler-
ance or type 2 diabetes had lower sRAGEs levels compared
to those with normal glucose tolerance [53]. On the other
hand, because of the potential role of sRAGEs as a decoy



Figure 1 Association between AGEs intake derived from the FFQ þ HCFQ or the FFQ and serum sRAGEs (n Z 50) or serum CML (n Z 52), AGEs,
Advanced glycation end products; FFQ Food frequency questionnaire; HCFQ Home cooking frequency questionnaire; sRAGEs, Soluble receptor
advanced glycation end products; CML, carboxymethyl-lysine.
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receptor for AGEs, preventing it from binding to cell sur-
face RAGEs and reducing the negative effects of AGEs
accumulation in the body, we could hypothesize that a
decrease in sRAGEs in those participants with a diet rich in
dAGEs could be due to this interaction between sRAGEs
and serum AGEs [54e56]. This may explain the inverse
association between sRAGEs and dAGEs that we observed
in our study. However, there are discrepancies in the cur-
rent literature and further studies are needed [4,45e52].

Several studies have shown that different cooking
methods and duration of heating are decisive for the for-
mation of AGEs in food [2,6,57,58]. For instance 100 g of
boiled chicken breast contains 1210 kU of CML, while the
same amount, broiled at 450 �F for 15 min has 5828 kU.
However, dAGEs intake have been previously quantified
using FFQ and/or food records, but it was still lacking a
specific and validated assessment method for dAGEs,
which takes into account cooking methods for all foods
[20,24,59]. As far as we know, only one FFQ has been
developed and validated to specifically estimate the intake
of AGEs but this FFQ included only 90 food items, and it
used the cooking methods only for one food group (meats
group) to estimate the AGEs intake [27].
Based on the association with serum sRAGEs, we sug-
gest that a HCFQ combined with a FFQ may significantly
improve the derivation of dAGEs, compared to using only a
FFQ. Moreover, the mean dAGEs intake derived from the
FFQ alone was higher (20 390 kU/day) than the dAGEs
derived from the FFQ þ HCFQ (16 707 kU/day). These re-
sults could be attributed to the fact that the mean AGEs
value of all culinary techniques was used for each food
item for the estimation of dAGEs based only on the FFQ.
Therefore, dAGEs intake could be overestimated in those
participants that usually used the techniques that generate
less dAGEs (boiling, steaming, microwave etc.), while it
could be underestimated in those that preferred tech-
niques that generate more dAGEs (grilling, frying, broiling
etc.). This fact, could partly explain conflicting findings
between previous studies which have not taken into ac-
count the use of different culinary techniques to prepare
the same food item [24,27].

In the present study, the largest part of dAGEs came
from oils, being olive oil the most consumed, while in the
American diet, the largest food source of dAGEs is likely to
be meat [2]. First, it should be mentioned that there is
limited consensus regarding the content of dAGEs in foods



Table 4 Comparison of serum sRAGE and dAGEs by population characteristics.

Serum sRAGEs (n Z 50) dAGEs (n Z 52)

Sex Men Women p value Men Women p value
Crude 702.0 (330.8) 683.6 (205.0) 0.823 16 358 (6577) 16 324 (4936) 0.796
Model 1a 685.7 (388.2) 712.7 (533.9) 0.895 16 545 (1179) 15 970 (10 370) 0.006

Age (years) <58.0 ‡58.0 p value <58.4 ‡58.4 p value
Crude 626.5 (154.6) 764.3 (370.8) 0.237 19 103 (6481) 13 589 (3982) <0.001
Model 1b 630.1 (422.8) 760.7 (422.8) 0.701 18 763 (7279) 13 929 (7279) <0.001

BMI (kg/m2) <31.0 ‡31.0 p value <31.0 ‡31.0 p value
Crude 731.9 (368.1) 658.8 (181.7) 0.713 15 009 (6634) 17 684 (5093) 0.063
Model 1c 726.2 (429.4) 664.5 (429.4) 0.961 15 732 (7843) 16 960 (7843) 0.007

HbA1c (%) <6.6 ‡6.6 p value <6.7 ‡6.7 p value
Crude 713.4 (279.7) 677.4 (303.9) 0.653 16 071 (4993) 16 621 (6970) 0.981
Model 1d 712.0 (422.1) 678.8 (422.1) 0.904 16 087 (7998) 16 605 (7998) 0.006

Years with diabetes <6.1 ‡6.1 p value <6.1 ‡6.1 p value
Crude 670.9 (309.3) 719.9 (272.7) 0.446 17 551 (5244) 15 142 (6570) 0.101
Model 1e 696.3 (468.3) 694.4 (468.3) 0.940 15 594 (8684) 17 098 (8684) 0.010

MedDiet adherence* <5.0 ‡5.0 p value <5.0 ‡5.0 p value
Crude 691.8 (305.1) 698.5 (281.7) 0.959 18 566 (7167) 14 586 (4262) 0.036
Model 1e 722.0 (480.9) 672.8 (438.8) 0.928 17 784 (8897) 15 206 (7782) 0.008

CTs more/less AGEsy <0.7 ‡0.7 p value <0.7 ‡0.7 p value
Crude 752.1 (358.6) 638.7 (189.8) 0.253 14 465 (4598) 18 227 (6721) 0.036
Model 1e 743.6 (425.6) 647.2 (425.6) 0.847 14 933 (7684) 17 760 (7684) 0.004

Data are mean (SD).
AGEs, Advanced glycation end products; BMI, Body mass index; HbA1c, Glycated hemoglobin; CTs, Culinary techniques; MedDiet, Mediterranean
Diet; CTs, Culinary techniques; p50, Percentile 50; sRAGEs, Soluble receptor advanced glycation end products.
*Score proposed by Trichopoulou et al. [33].
ⵜRatio culinary techniques that promote the formation of AGEs more/less.
a Model 1: Adjusted for age, HbA1c and BMI for sRAGEs; and for age, HbA1c, BMI and energy intake for dAGEs.
b Model 1: Adjusted for sex, HbA1c and BMI for sRAGEs; and for sex, HbA1c, BMI and energy intake for dAGEs.
c Model 1: Adjusted for sex, age and HbA1c for sRAGEs; and for sex, age, HbA1c and energy intake for dAGEs.
d Model 1: Adjusted for sex, age and BMI for sRAGEs; and for sex, age, BMI, and energy intake for dAGEs.
e Model 1: Adjusted for sex, age, BMI, and HbA1c for sRAGEs; and for sex, age, BMI, HbA1c, and energy intake for dAGEs.
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and beverages, especially in high fat products. The data-
bases proposed by Goldberg et al. [7] and Uribarri et al. [2]
show that oils have the highest AGEs content, whereas
Scheijen et al. [6] have reported that oils are low in AGEs
content. This discrepancy could be explained by the
different methods used to measure the AGEs content in
foods. Goldberg et al. [7] and Uribarri et al. [2] used
enzyme-linked immunosorbent assay (ELISA), while
Scheijen et al. [6] used ultra-performance liquid chroma-
tography. It is also of interest to note that Uribarri et al.
database includes a significantly wider variety of foods [2].

Although the scientific literature is limited, socio-
demographic, health status, and lifestyle habits have
been suggested as potential factors that may influence
circulating levels of AGEs and the intake of dietary AGEs
[25,26,60e62]. For this reason, we analyzed the effect of
different factors (sex, age, BMI, HbA1c, years with diabetes,
and dietary and culinary habits) on sRAGEs and dAGEs. In
this sense, we found a higher dAGEs intake in men
compared to women. This might be due to the fact that
men tend to eat more meat than women [60,61], which is
one of the food groups with a higher content in AGEs [2].
Our findings are consistent with other studies showing an
inverse association between age and dAGEs [18,25,26].
This could be explained by the elevated intake of
processed foods in younger population and also because of
an increased concern about health and diet in older pop-
ulation with a clinical history of metabolic diseases. Con-
trary to the findings of a recent meta-analysis [62], we
found a significant inverse association between dAGEs
intake and BMI, which could be due to the fact that par-
ticipants in the SUKALMENA study are either overweight
or obese and the cross-sectional design of our analysis.
According to other studies, low AGEs diets significantly
reduced insulin resistance [9,62,63]. We found a lower
AGEs intake among subjects with low HbA1c levels. These
findings may lead to the conclusion that those participants
with lower dAGEs intake, also manage their diabetes bet-
ter, since the restriction of AGEs intake may significantly
improve markers of inflammation and oxidative stress in
type 2 diabetes [9].

The study has some limitations and strengths that
should be acknowledged. First, the small sample size of the
study that could lead to a lack of association or differences
between groups. Second, we used self-reported FFQ and
HCFQ and therefore recall bias, social desirability bias, and
other potential reporting biases may have affected the
results. However, the FFQ has already been validated as
well as the HCFQ [29,30,34]. Third, when we asked about
the culinary techniques applied to each food group we
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took into account both, eating at home and at a restaurant.
In this sense, we recognize that when we eat at a restau-
rant the information on culinary techniques used is more
limited than when we cook at home and this issue could
affect the results. However, it should be noted that, in our
study, the number of participants who ate lunch or dinner
away from home more than twice a week was low (n Z 5
for lunch and n Z 3 for dinner). Fourth, participants are
diabetic and also overweight or obese, and therefore, the
results might not be applicable to the general population.
Fifth, in the analysis we did not consider the potential
effect of age in circulating AGEs. However, no association
was found between serum CML or sRAGEs and age (CML b
�0.5 95% CI �5.1;4.1; sRAGEs b 1.3 95% CI �6.2;8.8). Sixth,
the dAGEs database used in the present study had been
developed in the United States of America, and not in
Spain [2], and there are substantial differences between
the diet consumed in North America and the diet
consumed in Northern Spain [64e66]. Moreover, this
database only contains CML as a marker of dAGEs, leaving
out other important markers such as CEL and MG-H1.
Finally, we acknowledge that the method use by Scheijen
et al. [6] to develop their AGEs database, UPLC-MS/MS, is
more appropriate than the used of enzyme-linked immu-
nosorbent assay (ELISA) applied by Uribarri et al. [2].
However, we decided to use the AGEs database of Uribarri
et al. [2] because it includes a much wider variety of foods
and culinary techniques.

In conclusion, we have shown a significant inverse as-
sociation between sRAGEs and dAGEs derived from a
FFQ þ HCFQ whereas no relationship was observed with
dAGEs derived only from the FFQ. The combination of a
FFQ þ HCFQ could allow for a more detailed analysis of the
dAGEs and it can result in better defined public health
policies on dietary and culinary recommendations.
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