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ABSTRACT

Background: Endogenously formed advanced glycation end
products (AGEs) may be important drivers of microvascular
dysfunction and the microvascular complications of diabetes. AGEs
are also formed in food products, especially during preparation
methods involving dry heat.

Objectives: We aimed to assess cross-sectional associations between
dietary AGE intake and generalized microvascular function in a
population-based cohort.

Methods: In 3144 participants of the Maastricht Study (mean & SD
age: 60 £ 8y, 51% men) the dietary AGEs N°-(carboxymethyl)lysine
(CML), N°-(1-carboxyethyl)lysine (CEL), and N°-(5-hydro-5-
methyl-4-imidazolon-2-yl)-ornithine (MG-H1) were estimated using
the combination of our ultra-performance LC—tandem MS dietary
AGE database and an FFQ. Microvascular function was determined
in the retina as flicker light—induced arteriolar and venular dilation
and as central retinal arteriolar and venular equivalents, in plasma
as a z score of endothelial dysfunction biomarkers (soluble vascular
adhesion molecule 1 and soluble intracellular adhesion molecule 1,
soluble E-selectin, and von Willebrand factor), in skin as the heat-
induced skin hyperemic response, and in urine as 24-h albuminuria.
Associations were evaluated using multiple linear regression
adjusting for demographic, cardiovascular, lifestyle, and dietary
factors.

Results: Overall, intakes of CML, CEL, and MG-H1 were not
associated with the microvascular outcomes. Although higher intake
of CEL was associated with higher flicker light-induced venular
dilation (B percentage change over baseline: 0.14; 95% CI: 0.02,
0.26) and lower plasma biomarker z score (8: —0.04 SD; 95% CI:
—0.08, —0.00 SD), the effect sizes were small and their biological
relevance can be questioned.

Conclusions: We did not show any strong association between
habitual intake of dietary AGEs and generalized microvascular
function. The contribution of dietary AGEs to generalized
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microvascular function should be further assessed in randomized
controlled trials using specifically designed dietary interventions.
Am J Clin Nutr 2022;115:444-455.

Keywords: dietary advanced glycation end products, microvascu-
lar function, population-based cohort, endothelial function, ultra-
performance liquid chromatography tandem mass spectrometry

Introduction

Through a wide range of biological effects, advanced glycation
end products (AGEs) may be important drivers of microvascular
dysfunction (1, 2), which in turn is an important risk factor for
microvascular diseases such as retinopathy, nephropathy, and
neuropathy (3). Endogenous formation of AGEs, a heteroge-
neous group of sugar-modified proteins (4), is increased under
conditions of chronic hyperglycemia and increased oxidative
stress (5).

Aside from endogenous formation, AGEs are also formed
during preparation of foods, especially in products such as heat-
treated cereals and meats (6). We recently found in humans that
dietary AGEs are associated with their concentrations in plasma,
suggesting their absorption (7). Whether these dietary AGEs
also contribute to microvascular function, and what mechanisms
are involved, are currently unknown. Studies investigating the
effects of dietary AGEs on microvascular function are scarce and
mainly limited to plasma biomarkers of endothelial dysfunction.
A meta-analysis of intervention trials showed that a low-AGE
diet, compared with a high-AGE diet, reduces soluble vascular
adhesion molecule 1 (sVCAM-1) concentrations (8). However,
because microvascular function differs among tissues, measuring
plasma biomarkers alone provides limited insight into general
microvascular function (9). Whereas these plasma biomarkers

Am J Clin Nutr 2022;115:444-455. Printed in USA. © The Author(s) 2021. Published by Oxford University Press on behalf of

the American Society for Nutrition. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original
work is properly cited. For commercial re-use, please contact journals.permissions @oup.com


http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

Dietary AGEs and microvascular function

reflect endothelial regulation of permeability, coagulation, fibri-
nolysis, and proliferation, microvascular function can be assessed
by the endothelium-dependent vasodilation response to various
stimuli, such as local heating of the skin and flicker light applied
to the retina (9). One study investigating the effect of a low-
or high-AGE diet for 6 wk found no differences in endothelial
function (i.e., reactive hyperemia index) (10). However, most of
these studies share common methodological limitations, namely
relatively small sample sizes, short study durations, extreme
differences in cooking methods to modulate dietary AGEs,
and the usage of an immunohistochemistry-based database
that contains only 1 dietary AGE, N®-(carboxymethyl)lysine
(CML). Several other AGEs are present in foods, including
N¢-(1-carboxyethyl)lysine (CEL), and N°-(5-hydro-5-methyl-
4-imidazolon-2-yl)-ornithine (MG-H1), which potentially have
different biological effects. Because these AGEs are formed
on different amino acids (CML and CEL from lysine, and
MG-H1 from arginine), their intake may vary depending on
an individual’s dietary pattern. As such, the role of specific
dietary AGEs in general microvascular function remains to be
established.

In light of the foregoing, we investigated the association
between habitual intake of the specific and well-
characterized dietary AGEs CML, CEL, and MG-HI,
and generalized microvascular function measured in the
retina, skin, blood, and kidney in a large population-based
cohort.
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Methods

Study design and population

We used data from the Maastricht Study, an observational
prospective population-based cohort study. The rationale and
methodology have been described previously (11). In brief, the
study focuses on the etiology, pathophysiology, complications,
and comorbidities of type 2 diabetes mellitus (T2DM) and is
characterized by an extensive phenotyping approach. Eligible for
participation were all individuals aged between 40 and 75 y and
living in the southern part of the Netherlands. Participants were
recruited through mass media campaigns and from the municipal
registries and the regional Diabetes Patient Registry via mailings.
Recruitment was stratified according to known T2DM status,
with an oversampling of individuals with T2DM, for reasons
of efficiency. The present report includes cross-sectional data
from the first 3451 participants, who completed the baseline
survey between November 2010 and September 2013. The
examinations of each participant were performed within a time
window of 3 mo. The study has been approved by the institutional
medical ethical committee (NL31329.068.10) and the Minister
of Health, Welfare and Sports of the Netherlands (Permit
131088-105234-PG). All participants gave written informed
consent. Primary outcomes of this study were measurements
of microvascular function at several microvascular beds. In
the retina, microvascular function was determined as flicker
light—induced arteriolar and venular dilation and as central
retinal arteriolar equivalent (CRAE) and central retinal venular
equivalent (CRVE). In plasma, endothelial dysfunction was
determined by endothelial dysfunction biomarkers [sVCAM-1
and soluble intracellular adhesion molecule 1 (sSICAM-1), soluble
E-selectin, and von Willebrand factor (vWf)]. In skin, this was
determined as the heat-induced skin hyperemic response. Finally,
in urine, this was determined as 24-h albuminuria.

Food intake and dietary AGEs

We assessed dietary intake by a validated 253-item FFQ
(12). This FFQ contains 101 questions on consumption with a
reference period of 1 y. The FFQ collected information on the
intake of major food groups. All participants filled out the FFQ
after their first visit to the study center.

Food intake was determined by the combination of frequency
questions with quantity questions. For the frequency questions,
11 options were available ranging from “not used” to 7 d/wk. For
the quantity questions, variable options were available based on
14 standard household servings, ranging from <1/d to >12/d.
Average daily consumption of food items was then calculated
by multiplying the frequency and amount. Energy and nutrient
intakes were subsequently determined by transcribing food items
into food codes embedded in the Dutch Food Composition Table
2011 (13). In addition, we determined the Dutch Healthy Diet
(DHD) index based on these food intake data. The DHD index is a
measure of diet quality because it assesses adherence to the Dutch
dietary guidelines (14). A higher index has been associated with
more nutrient-dense diets and lower risk of mortality (15, 16). In
our statistical analyses we used a modified version of the DHD
index that does not contain filtered coffee consumption because
this information was not collected by the FFQ, and alcohol intake
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was not included because we already adjusted for alcohol intake
as an individual variable.

Dietary AGE intake was determined by coupling the consump-
tion of food items within the FFQ to our dietary AGE database
(6). In this database, 3 major AGEs, CML, CEL, and MG-H1,
were quantified in protein fractions of food products using highly
specific ultra-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS). In total, this database includes
>200 food products commonly consumed in a Western diet.
For each participant, AGE intake was estimated as described
previously (7). Some of the food products in the FFQ were
not analyzed for AGE content. AGE contents of these specific
products were estimated by matching them to other products
that were comparable in macronutrient profile and preparation
method. For example, for several fresh vegetables boiled in water,
such as endive, beets, leek, and spinach, the same AGE content
was used. By comparison, jarred peas and carrots were measured
separately from fresh peas and carrots, because AGEs in jarred
peas and carrots are higher because they contain added sugar and
are heated to prolong shelf life (6). Only after completion of the
FFQ were participants informed about their glucose metabolism
status. As a result, estimation of dietary AGEs was not affected
by a potential change in dietary habits upon dietary advice from
health care workers in case participants were diagnosed with
T2DM.

Assessment of microvascular function

All participants were asked to refrain from smoking and
drinking caffeine-containing beverages for 3 h before the mea-
surement. A light meal (breakfast or lunch), low in fat content,
was allowed >90 min before the start of the measurements.
For these microvascular measurements there is no international
consensus on how to perform them in a standardized manner.
Protocols for the Maastricht Study were designed based on
our experience and best practice in other studies (9). All
microvascular measurements have been extensively validated as
described previously (17).

Retinal arteriolar and venular dilation response.

The retinal vascular response to flicker light was assessed
with the Dynamic Vessel Analyzer (DVA, Imedos) as described
previously (18). Briefly, pupils were dilated with 0.5% tropi-
camide and 2.5% phenylephrine >15 min before the start of the
examination. For safety reasons, participants with an intraocular
pressure >30 mm Hg were excluded from the measurements.
For each participant, either the left or the right eye was
selected depending on the time of day the measurement was
performed and without reference to participant characteristics.
A straight arteriolar or venular segment ~1.5 mm in length
located 0.5-2 disc diameter from the margin of the optic
disc in the temporal section was examined. Vessel diameter
was automatically and continuously measured for 150 s. A
baseline recording of 50 s was followed by a 40-s flicker
light exposure period (flicker frequency 12.5 Hz, bright-to-
dark contrast ratio 25:1), followed by a 60-s recovery period.
Baseline retinal vascular diameters and flicker light—induced
retinal vascular dilation were automatically calculated with the
integrated DVA software (version 4.51; Imedos). Baseline retinal
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arteriolar/venular diameter was calculated as the mean diameter
of the 20-50 s recording and was expressed in measurement units
(MU), where 1 MU is equal to 1 mm of the Gullstrand eye.

The flicker light—induced retinal vascular dilation was ex-
pressed as the percentage retinal vascular dilation over baseline
and based on the mean dilation achieved at time points 10
and 40 s during the flicker stimulation period. This dilation
response depends on a process called neurovascular coupling,
which involves endothelial function (17).

Static retinal vessel calibers.

All fundus photographs were taken with an auto-focus, auto-
shot, and auto-tracking fundus camera (Model AFC-230; Nidek)
in an optic disc—centered field of view of 45° in a darkened
room, as described previously (19). Static retinal vessel analysis
(1 image of the left or right eye was randomly chosen for
each participant) was performed using the RHINO software (20,
21). Optic disc detection and arteriole/venule classification were
corrected manually. Retinal vessel diameters were measured at
0.5-1.0 disc diameter away from the optic disc margin and
were presented as CRAE and CRVE in MU. The scale factor
is based on the optic disc diameter, which is assumed to be
1800 um (22), i.e., 1 MU = 1 pixelsize x 1800 um/pixelsize of
optic disc diameter. CRAE and CRVE represent the equivalent
single-vessel parent diameter for the 6 largest arterioles and
largest venules in the region of interest, respectively. The
calculations were based on the improved Knudtson—Parr—
Hubbard formula (23). Fundus photographs of insufficient
quality, e.g., obstructed by lashes or defocused, were evaluated
and discussed with a second observer and excluded on mutual
agreement. Narrowing of retinal arterioles and widening of retinal
venules are regarded as early indicators of cardiovascular disease
(24).

Plasma biomarkers of endothelial dysfunction.

The plasma biomarkers of endothelial dysfunction sVCAM-
1, SICAM-1, and soluble E-selectin were measured in EDTA
plasma samples with commercially available 4-plex sandwich
immunoassay kits [Meso Scale Discovery (MSD)], as described
elsewhere (25). vWf was determined in citrated plasma with
sandwich ELISA (Dako). Concentrations of vWf were expressed
as percentages of the vWT detected in pooled citrated plasma of
healthy volunteers. For the present study, the intra- and interassay
CVs were 3.5% and 5.9% for sVCAM-1, 2.5% and 5.3% for
SICAM-1, 6.4% and 6.0% for soluble E-selectin, and 3.2% and
5.4% tor vWF, respectively.

Skin hyperemic response.

Skin blood flow was measured as described previously by
means of a laser-Doppler system (Periflux 5000; Perimed)
equipped with a thermostatic laser-Doppler probe (PF457;
Perimed) at the dorsal side of the wrist of the left hand (26). The
laser-Doppler output was recorded for 25 min with a sample rate
of 32 Hz, which gives semiquantitative assessment of skin blood
flow expressed in arbitrary perfusion units. Skin blood flow was
first recorded unheated for 2 min to serve as a baseline. After the
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2 min of baseline, the temperature of the probe was rapidly and
locally increased to 44°C and was then kept constant until the end
of the measurement. The heat-induced skin hyperemic response
was expressed as the percentage increase in average perfusion
units during the 23-min heating phase over the mean baseline
perfusion units. Skin perfusion during a period of local heating
is thought to be mainly endothelium-dependent (27, 28) and this
method is commonly used as a test of skin microvascular function

).

Albuminuria.

Two 24-h urine collections were used to assess urinary albumin
excretion. Urinary albumin concentration was measured with a
standard immunoturbidimetric assay by an automatic analyzer
(owing to a change of supplier by the Beckman Synchron LX20,
Beckman Coulter Inc.; and the Roche Cobas 6000, F. Hoffmann-
La Roche) and multiplied by collection volume to obtain the
24-h urinary albumin excretion. A urinary albumin concentration
below the detection limit of the assay (2 mg/L for the Beckman
Synchron LX20 and 3 mg/L for the Roche Cobas 6000) was
set at 1.5 mg/L before multiplying by collection volume. Only
urine collections with a collection time between 20 h and 28 h
were considered valid. If needed, urinary albumin excretion was
extrapolated to a 24-h excretion. Albuminuria is seen as a risk
marker for generalized endothelial dysfunction (29).

Glucose metabolism status

To determine glucose metabolism, all participants (except
those who used insulin) underwent a standardized 7-point oral-
glucose-tolerance test after an overnight fast. Blood samples were
taken at baseline and at 15, 30, 45, 60, 90, and 120 min after inges-
tion of a 75-g glucose drink. For safety reasons, participants with
a fasting glucose concentration >11.0 mmol/L, as determined
by a finger prick, did not undergo the oral-glucose-tolerance
test. For these individuals, fasting glucose concentration and
information about glucose-lowering medication were used to
determine glucose metabolism status. Glucose metabolism was
classified according to the WHO 2006 criteria into normal
glucose tolerance, impaired fasting glucose, impaired glucose
tolerance, and T2DM (30). For this study, we defined having
either impaired fasting glucose or impaired glucose tolerance as
prediabetes.

Covariates

Smoking status and history of cardiovascular disease were
assessed by a questionnaire. Smoking status was categorized into
never, former, and current smoker. Waist circumference, total
cholesterol, HDL cholesterol, LDL cholesterol, triglycerides,
fasting plasma glucose, and glycosylated hemoglobin were
determined as described elsewhere (11). Estimated glomerular
filtration rate (eGFR) was computed with the Chronic Kidney
Disease Epidemiology Collaboration formula, using serum
creatinine and cystatin C (31). Information on the use of
lipid-modifying, antihypertensive medication, and/or glucose-
lowering medication, that is, generic names, doses, and frequen-
cies, was collected during an in-person medication interview.
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Statistical methods

Analyses were conducted using SPSS version 25 for Windows
(IBM Corporation). Baseline characteristics are shown for the
total sample, and stratified by a dietary AGE z score that
represents an individual’s overall AGE intake. Because we
measured 3 AGEs in food items which differ in abundance, we
first calculated z scores for CEL, CML, and MG-H1, which
were then averaged into a single dietary AGE z score. A z
score for the plasma biomarkers of endothelial dysfunction
was calculated similarly. Differences in baseline characteristics
between individuals stratified by the dietary AGE z score were
tested by means of a one-way ANOVA or chi-square test, as
appropriate. Likewise, participants who were excluded from the
analyses because of missing covariates were compared with the
included participants by the same statistical methods.

We performed multiple linear regression to investigate the
association of each standardized dietary AGE and the combined
dietary AGE z score with generalized microvascular function
expressed as the retinal microvascular dilation response, static
retinal vessel calibers, plasma biomarkers of endothelial function,
skin microvascular function, and albuminuria (unstandardized).
We fitted 2 regression models. In model 1, we adjusted for age
(y), sex (male/female), and glucose metabolism status (normal
glucose metabolism, prediabetes, T2DM, and other types of
diabetes), the latter owing to oversampling of individuals with
T2DM in the Maastricht Study. In model 2, we in addition
adjusted for cardiovascular disease risk factors and dietary
factors: waist circumference (cm), total:HDL cholesterol ratio,
triglycerides (mmol/L), use of lipid-lowering medication (%
yes), office systolic blood pressure, use of antihypertensive
medication (% yes), smoking status (former, current, never),
total energy intake (kcal/d), educational level (low/middle/high),
alcohol intake (g/d), and the DHD index. For the association
between dietary AGEs and urinary albumin excretion, model 2
of the regression model was in addition adjusted for estimated
glomerular filtration rate. To check whether the assumption of
linearity for linear regression was met, regression models using
dietary AGEs as continuous and categorical exposures were
compared with a likelihood ratio test. None of the models gave
a significantly better fit of the data using dietary AGEs as
categorical exposures (data not shown). Hence, dietary AGEs
were entered as continuous exposures in all models. Because
urinary albumin excretion was positively skewed, a normal
distribution was obtained by In transformation.

We also performed several sensitivity analyses. Firstly, we
introduced further adjustment for covariates reflecting microan-
giopathy in the regression models: history of cardiovascular
disease, eGFR, retinopathy, and albuminuria (except for analyses
in which albuminuria was the outcome). These covariates may
introduce overcorrection, because they also reflect microvascular
function. Secondly, we introduced further adjustment for physical
activity in the regression models [as assessed by accelerometer
data (ActivPAL), explained in the Supplemental Methods].
Because accelerometer data were not available in a relatively
large number of participants, performing a complete case
analysis with this covariate might have resulted in selection bias.
Thirdly, we explored possible confounding by antihypertensive
medication through further specification into renin—angiotensin—
aldosterone system inhibitors and other types of antihypertensive
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medication. Fourthly, we used ambulant 24-h blood pressure
measurements instead of office blood pressure measurements
obtained during the vascular measurements (explained in the
Supplemental Methods). Fifthly, we used BMI instead of waist
circumference as a measure of obesity. In addition, we performed
interaction analyses for age, sex, BMI, glucose metabolism status
(as dummy variables), and eGFR (thus also adding eGFR as a
covariate in the fully adjusted model) by adding interaction terms
in our model. The interaction analyses for T2DM and BMI (with
substitution of BMI for waist circumference in the regression
model) were performed to investigate potential underreporting of
individuals with T2DM, overweight, or obesity.

B Coefficients are reported with their 95% Cls and represent
the effect on microvascular outcomes per 1-SD higher dietary
AGE intake. Unless stated otherwise, 8 coefficients represent the
fully adjusted model (model 2). P values < 0.05 were considered
statistically significant.

Results

Population characteristics

The selection of participants with available data on dietary
AGEs, potential confounders, and estimates of microvascular
function is shown in Figure 1, and their characteristics are
shown in Table 1. Mean energy intake was 2182 kcal/d, intake
of dietary CML was 3.3 mg/d, of CEL 3.0 mg/d, and of MG-
H1 24.3 mg/d, which is comparable with other Dutch cohorts
(Supplemental Table 1). Participants in the highest dietary AGE
quartile were more likely to be younger men, more physically
active, consumed more energy and coffee, and had a slightly less
healthy diet (P < 0.05). These participants had slightly higher
systolic and diastolic blood pressure, total:HDL cholesterol ratio,
and albuminuria (P < 0.05). None of the other microvascular
outcomes were statistically different among quartiles of dietary
AGE intake. Although the microvascular outcomes could not be
assessed in all participants, the selected populations were largely
comparable (Supplemental Table 2). In general, participants
excluded from analyses because of missing variables had a
slightly worse cardiovascular disease risk profile (Supplemental
Tables 3-8).

Dietary AGEs and retinal microcirculation

Baseline retinal vessel calibers before flicker light were not
different between quartiles of dietary AGE intake (data not
shown). In the fully adjusted model (model 2), dietary CML,
CEL, MG-H1, and the combined dietary AGE z score were not
associated with flicker light-induced retinal arteriolar dilation,
with S (percentage change over baseline) of 0.09 (95% CI:
—0.10, 0.28), 0.11 (95% CI: —0.04, 0.26), 0.06 (95% CI: —0.10,
0.23), and 0.10 (95% CI: —0.07, 0.28), respectively (Figure 2).
Greater intake of CEL, but not CML, MG-H1, or the combined
dietary AGE z score, was associated with greater flicker light—
induced retinal venular dilation: 8: 0.14 (95% CI: 0.02, 0.26), B:
0.14 (95% CI: —0.02, 0.29), B: 0.07 (95% CI: —0.07, 0.20), and
B:0.13 (95% CI: —0.01, 0.27), respectively (Figure 2).

In the fully adjusted model, dietary CML, CEL, MG-H1, and
the combined dietary AGE z score were not associated with
CRAE (B: —0.44 um; 95% CI: —1.64, 0.76 um; B: —0.31 pum;
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95% CI: —1.25, 0.63 um; B: —0.78 um; 95% CI: —1.83, 0.27
um; and B: —0.58 um; 95% CI: —1.68, 0.52 um, respectively) or
CRVE (B8: —0.31 um; 95% CI: —2.20, 1.57 um; B: —0.16 pum;
95% CI: —1.65, 1.32 um; B: —0.79 um; 95% CI: —2.45, 0.87
um; and B: —0.47 um; 95% CI: —2.21, 1.26 um, respectively)
(Figure 2).

Dietary AGEs and plasma biomarkers of endothelial
dysfunction

With the individual biomarkers combined into a single z
score, greater intake of CEL, but not CML, MG-HI, or the
combined dietary AGE z score, was associated with lower plasma
endothelial dysfunction biomarkers z score in the fully adjusted
model, with 8 of —0.04 SD (95% CI: —0.08, —0.00 SD), 0.01 SD
(95% CI: —0.05, 0.06 SD), —0.02 SD (95% CI: —0.07, 0.02 SD),
and —0.03 SD (95% CI: —0.08, 0.02 SD), respectively (Figure 2).
Dietary CML, CEL, MG-H1, and the combined dietary AGE
z score were not associated with any of the individual plasma
biomarkers (Supplemental Table 9).

Dietary AGEs, the skin microvascular hyperemic response,
and albuminuria

In the fully adjusted model, dietary AGEs CML, CEL, MG-H1,
and the combined dietary AGE z score were not associated with
the heat-induced skin hyperemic response, with B (percentage
change over baseline) of —36.67 (95% CI: —96.01, 22.66),
—24.15 (95% CI: —71.50, 23.20), —20.26 (95% CI: —71.08,
30.57), and —29.94 (95% CI. —84.03, 24.16), respectively, or
24-h albumin excretion, with g (mg/24 h, In-transformed) of
—0.03 (95% CI. —0.08, 0.02), —0.03 (95% CI: —0.07, 0.01),
—0.04 (95% CI: —0.09, 0.01), and —0.04 (95% CI: —0.09, 0.01),
respectively (Figure 2).

Sensitivity analyses

In general, further adjustment of model 2 for either physical
activity or markers of microangiopathy did not significantly alter
the observed effect sizes of the aforementioned associations.
However, with further adjustment for physical activity (analyses
in which fewer participants were available), statistical signifi-
cance for the associations of CEL intake with the endothelial
function biomarker z score (n = 2405) and flicker light—induced
venular dilation (n = 1817) were already lost in the crude model
(Supplemental Tables 10-13). All other sensitivity analyses did
not materially change the results (data not shown).

Interaction analyses

In general, the observed associations between dietary AGEs
and microvascular function were not modified by age, sex, BMI,
glucose metabolism status, or eGFR (P-interaction > 0.05).
Although the associations of dietary CML and MG-H1 with
CRVE were significantly modified by presence of T2DM (P-
interaction = 0.04), the associations of dietary CML and MG-
H1 with CRVE in this subgroup was not statistically significantly
different compared with associations among people with normal
glucose metabolism or prediabetes (Supplemental Table 14).
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Population of The Maastricht Study (n = 3451)

No FFQ information (n = 225)

Implausible energy intake! (n = 65)
FFQ missing (n = 160)

4

Population of The Maastricht Study with plausible FFQs (n = 3226)

Missing covariate (n = 78)
Waist circumference (n = 2)
Systolic blood pressure (n = 2)

Y

Smoking status (n = 45)

Educational level (n = 65)

Serum triglycerides (n = 3)

No microvascular outcome present (n = 4)

Population of The Maastricht Study with plausible FFQs, data on all potential confounders,
and 21 microvascular outcome (n =3144)

Missing microvascular outcomes

Retinal arteriolar mean dilatation (n = 1020)
Retinal venular mean dilatation (n = 986)
Retinal vessel calibers (n = 408)

A 4

Plasma biomarkers of endothelial dysfunction
(n = 46)

Heat-induced skin hyperemia (n = 1617)
Albuminuria (n = 42)

Retinal arteriolar mean
dilatation (n = 2124)

Retinal venular mean
dilatation (n = 2158)

Retinal vessel calibers
(n=2736)

Plasma biomarkers of
endothelial dysfunction
(n=3098)

Heat-induced skin
hyperemia (n = 1527)

Albuminuria (n = 3102)

FIGURE 1 Flowchart of participant selection for the different microvascular outcomes. Please note that missing variables do not necessarily add up because
they are not mutually exclusive, e.g., an individual may have missing information on both smoking status and educational level. ' Implausible energy intake:

<500 kcal or >3500 kcal for women, <800 or >4000 kcal for men.

Contrarily, greater MG-H1 intake was associated with lower
CRVE (B: —3.39 um; 95% CI: —6.62, —0.15 um) in participants
with prediabetes (Supplemental Table 14).

Discussion

In this cross-sectional study, we are the first, to our knowledge,
to investigate the association between 3 dietary AGEs, measured
in selected food items using UPLC-MS/MS, and a broad array

of microvascular measurements in a population-based cohort.
We observed no consistent associations between habitual intake
of the dietary AGEs CML, CEL, and MG-H1 and several
microvascular measurements. Although there was a statistically
significant association between higher intake of CEL, higher
flicker light-induced venular dilation, and lower z score of
combined plasma endothelial dysfunction biomarkers, this did
not apply to the individual plasma biomarkers and the effect sizes
were small.
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Flicker light—induced arteriolar dilation
B (95% CI)

CML Model 1 0.01(-0.11,0.13)
Model 2 —_—T——— 0.09 (-0.10,0.28)
CEL Model 1 0.05 (-0.07, 0.17)
Model 2 —_1 0.11 (-0.04, 0.26)
MG-H1 Model 1 0.01(-0.11,0.13)
Model 2 —_—T 0.06 (-0.10, 0.23)
AGE z score Model 1 0.03 (-0.09, 0.15)
Model 2 —_— 0.10 (-0.07,0.28)
-0I.4 -0I.2 0.0 012 014

Percentage change over baseline

Central retinal arteriolar equivalent

Linkens et al.

Flicker light -induced venular dilation
B (95% Cl)

CML Model 1 0.04 (-0.06,0.14)
Model 2 T 0.14 (-0.02,0.29)
CEL Model 1 0.08 (-0.02,0.18)
Model 2 —_— 0.14 (0.02,0.26)
MG-H1 Model 1 0.03 (-0.07,0.12)
Model 2 —_— T 0.07 (-0.07,0.20)
AGE z score Model 1 0.05 (-0.05,0.15)
Model 2 — 0.13(-0.01,0.27)
-0I.4 -0I.2 0.0 OI.2 0:4

Percentage change over baseline

Central retinal venular equivalent

B (95% Cl)

CML Model 1 0.24 (-0.98,1.45)
Model 2 o -0.31 (-2.20,1.57)

CEL Model 1 0.21 (-0.99,1.41)

Model 2 —_—] -0.16 (-1.65,1.32)

MG-H1 Model 1 -0.20 (-1.40,0.99)
Model 2 ~————F—— -0.79 (-2.45,0.87)

AGE z score Model 1 0.09 (-1.12,1.29)
Model 2 4'—'— -0.47 (-2.21,1.26)

30 a5 0.0 15 30

Diameter, ym

Heat-induced skin hyperemic response
B (95% ClI)

CML Model 1 -14.34 (-53.19,24.52)
Model 2 ° -36.67 (-96.01,22.66)
CEL Model 1 -16.32 (-54.88,22.26)
Model 2 —_— -24.15 (-71.50,23.20)
MG-H1 Model 1 -13.48 (-51.82,24.87)
Model 2 —_———— -20.26 (-71.08,30.57)
AGE z score Model 1 -15.62 (-54.30, 23.06)
Model2 ———@&————— -29.94 (-84.03,24.16)
-1I00 EI:O 0 5IO 160

Percentage change over baseline

B (95% Cl)

CML Model 1 4 -0.04 (-0.82, 0.74)
Model 2 — e | -0.44 (-1.64,0.76)

CEL Model 1 -0.13 (-0.89,0.64)
Model 2 —_— -0.31 (-1.25,0.63)

MG-H1 Model 1 -0.26 (-1.02,0.50)
Model 2 —_— -0.78 (-1.83,0.27)

AGE z score Model 1 -0.15(-0.92,0.62)

Model 2 —— -0.58 (-1.68,0.52)

30 45 0.0 15 30
Diameter, ym
Plasma biomarker z score
B (95% Cl)

CML Model 1 0.02 (-0.01,0.06)
Model 2 lo— 0.01 (-0.05,0.06)

CEL Model 1 -0.02 (-0.05,0.02)
Model 2 ~——&— -0.04 (-0.08,-0.00)

MG-H1 Model 1 -0.01 (-0.05,0.02)
Model 2 —_——— -0.02 (-0.07,0.02)

AGE z score Model 1 -0.00 (-0.04,0.03)
Model 2 —'—l— -0.03 (-0.08, 0.02)

010 005 0.00 0.05 010
SD change
Albuminuria
B (95% Cl)

CML Model 1 0.01 (-0.03,0.04)
Model 2 =~ ——x— -0.03 (-0.08,0.02)

CEL Model 1 -0.01 (-0.04,0.03)
Model 2 —_—— -0.03 (-0.07,0.01)

MG-H1 Model 1 -0.01 (-0.04,0.02)
Model 2 ————————— -0.04 (-0.09,0.01)

AGE z score Model 1

Model 2 —I—I—

-0.00 (-0.04, 0.03)
-0.04 (-0.09,0.01)

-0.10 -0.05 0.00 0.05
mg/24 h (In-transformed)

0.10

FIGURE 2 Multivariate-adjusted associations of dietary AGEs (in SD/d) and microvascular measurements tested with multiple linear regression analysis.
Bs (95% Cls) indicate the difference in microvascular outcome per 1-SD change in dietary AGE intake. Model 1: adjusted for participant characteristics: age,
sex, and glucose metabolism status. Model 2: in addition adjusted for cardiovascular disease risk factors and lifestyle factors: waist circumference, total: HDL
cholesterol ratio, triglycerides, smoking habits, use of lipid-lowering medication, office systolic blood pressure, use of antihypertensive medication, caloric
intake, educational level, alcohol intake, and the Dutch Healthy Diet index. For albuminuria, model 2 was in addition adjusted for estimated glomerular
filtration rate. Sample sizes (n): flicker light-induced arteriolar dilation: 2124; flicker light-induced venular dilation: 2158; central retinal arteriolar and venular
equivalents: 2736; plasma biomarker z score: 3098; heat-induced skin hyperemia: 1527; and albuminuria: 3102. AGE, advanced glycation end product; CEL,
N¢-(1-carboxyethyl)lysine; CML, N°-(carboxymethyl)lysine; MG-H1, N°-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine.

Increasing evidence suggests that AGEs of dietary origin
contribute to the body AGE pool. It is thought that dietary
AGEs, consumed as whole proteins, undergo digestion in the
gastrointestinal tract and subsequently enter the circulation in

their free form (7). In the circulation, these free AGEs are in direct
contact with the vascular endothelium and could potentially
modulate microvascular function (9). AGEs are involved in
endothelial function, at least partly, through binding to the
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receptor for AGEs (RAGE) expressed by endothelial cells, which
subsequently leads to generation of reactive oxygen species and
activation of NF-xB (32). However, this mechanism does not
apply to free AGEs of dietary origin, because only protein-
bound AGEs seem to have affinity for RAGE (33). In line
with this, it is still uncertain whether dietary AGEs have any
(harmful) consequences. Although meta-analyses suggest that a
diet high in AGEs is linked to insulin resistance (34), increased
inflammatory markers (35), and atherogenic dyslipidemia (8),
they also conclude that high-quality trials are lacking (8, 35)
and several individual studies found no such effects (10, 36—
38). In addition, individual AGEs can potentially elicit different
biological effects. Although we present the combined dietary
AGE z score for easier interpretation of overall dietary AGE
intake, it is important to consider that this may lead to loss of
information. For example, biological effects of specific dietary
AGEs could partly be mediated by interactions with the gut
microbiome. Although some strains of Escherichia coli were
shown to degrade CML into several metabolites with unknown
biological effects (39), such effects have not yet been described
for CEL and MG-HI1.

We are the first, to our knowledge, to investigate associations
between dietary AGEs and the retinal microcirculation in
humans. We found no associations between dietary AGEs,
central retinal arteriolar and venular diameters, and flicker
light—induced arteriolar dilation, but surprisingly there was a
small but statistically significant association between higher
CEL intake and higher flicker light—induced venular dilation.
Lower flicker light—-induced retinal venular dilation was recently
shown to be an independent predictor of all-cause mortality
in end-stage renal disease patients (40). Factors that contribute
to this response are inflammation, endothelial function, and
NO bioavailability (41). As previously mentioned, studies
investigating the effect of dietary AGEs on inflammation have
yielded conflicting results (10, 35-38). We observed no robust
associations between dietary AGEs and the central retinal venular
diameter, which is also linked to systemic inflammation (42), or
any of the other endothelium-dependent microvascular outcomes.
Furthermore, statistical significance for the association between
dietary CEL and flicker light-induced venular dilation was
not consistent in sensitivity analyses with fewer participants.
In light of the foregoing, its biological relevance can be
questioned.

We showed a statistically significant but small association of
a higher intake of CEL, but not CML, MG-H1, or the combined
dietary AGE z score, with lower combined plasma endothelial
dysfunction biomarkers z score. We found no associations
between dietary AGEs and the individual plasma biomarkers.
These findings are partly in disagreement with previous studies,
although results so far have been inconsistent. Whereas some
authors reported a decrease in sVCAM-1 after a low-AGE diet
and an increase after a high-AGE diet (43-45), others found no
difference (10). There are several possible explanations for the
discrepancies between these studies and the present study. Next
to differences in study design (cross-sectional compared with
a controlled dietary intervention), our analyses were performed
in a larger sample, and we investigated 3 dietary AGEs as
assessed by UPLC-MS/MS, as opposed to only CML assessed
by immunohistochemistry. In addition, we included not only
sVCAM-1 but also sICAM-1, soluble E-selectin, and vWI.
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However, again, the observed effect size is small and thus its
biological relevance may be questioned.

We found no association between intake of dietary AGEs
and the heat-induced skin hyperemic response. This is in
agreement with a previous study, where no associations were
found between dietary AGEs, assessed by a 3-d food record,
and either postocclusive or heat-induced skin hyperemia in
51 patients with chronic kidney disease and 51 controls (46).
In contrast, Negrean et al. (47) showed an acute impairment in
postocclusive skin hyperemia in 20 patients with T2DM after a
fried/broiled high-AGE meal compared with a steamed/boiled
low-AGE meal. However, owing to the extreme differences in
preparation methods, the carcinogenic compound acrylamide or
reduced micronutrient bioavailability may also have contributed
to the observed differences (48). In line with this, the authors were
not able to reproduce this impairment with administration of a
specifically designed low- or high-AGE drink (49).

Finally, we found no association between dietary AGEs and
albuminuria. Although there is little research to compare with,
our findings are in agreement with findings by Harcourt et al.
(50), who observed no difference in albuminuria in 11 healthy but
overweight individuals after a 2-wk high-AGE diet. Albuminuria
is an estimate not only of renal microvascular dysfunction (29)
but also of several other microvascular pathologies (51, 52).
As such, it may act as a marker of generalized endothelial
dysfunction (53), and the null finding in the present study
strengthens the observed lack of associations between dietary
AGEs and our other microvascular outcomes.

It is important to consider whether a potentially low consump-
tion of dietary AGEs may have influenced the ability to detect
an association. However, AGE intake in the current cohort was
largely comparable with those of other Dutch cohorts in which
associations between dietary AGEs and several outcomes have
been reported (7, 54, 55). Furthermore, the difference in intake
between opposing quartiles of our cohort was approximately
double that of the difference between the low- and high-AGE
diets of a well-executed crossover randomized controlled trial
(RCT) in humans that observed a change in insulin sensitivity
(56). As such, dietary AGE intake in our cohort should have been
sufficient to detect an association with an outcome.

The current study has several strengths. Primarily, we inves-
tigated associations between dietary AGEs and measurements
from several microvascular beds in a large study sample.
Combined with the extensive phenotyping and population-
based approach of the Maastricht Study, this enabled us to
draw conclusions on generalized microvascular function while
controlling for several possible confounders. In addition, we
used our UPLC-MS/MS-based dietary AGE database (6) and
a validated FFQ to capture the majority of sources of AGEs.
The FFQ covers >96% of total energy intake and a large list
of nutrients (12), and has been updated with several high-AGE
products that are commonly consumed in our cohort (blood
sausage, toasted bread, beef stew). Lastly, whereas biological
effects of dietary AGEs are often investigated under extreme
circumstances (heated and nonheated food products), our FFQ-
based approach measured habitual intake.

The current study also has several limitations. Several
uncertainties may negatively affect the accuracy of estimated
dietary AGE intake. The use of FFQs may introduce recall bias
(57) and our FFQ and AGE database do not include detailed
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information about food preparation for all foods. Although
this only applied to a minority of food products within the
AGE database, food preparation, referring mainly to cooking
techniques and heating duration, largely determines the quantity
of AGEs in food (58). However, this will apply to all studies
that use this approach, and our estimates of dietary AGE intake
were in line with these other cohorts (54, 59, 60). Nonetheless,
combining our dietary AGE database and an FFQ is currently the
most accurate method to determine dietary AGE intake in larger
cohorts. Despite our cross-sectional analyses being adjusted for
a comprehensive set of a priori—defined covariates, we cannot
completely rule out residual confounding. In addition, although
we generally did not observe effect modification by age, sex,
BMI, glucose metabolism status, or kidney function, our research
question should be formally tested in other populations.

In summary, we did not find any strong association between
habitual intake of dietary AGEs and generalized microvascular
function. Nonetheless, our findings would benefit most from con-
firmation by longitudinal studies and RCTs in which participants
receive specifically designed dietary interventions in order to
minimize residual confounding by certain food products or the
food preparation methods.

The authors’ responsibilities were as follows—AMAL: was responsible
for data analysis, for data interpretation, and wrote the manuscript; ATHMH,
SIMPE, and CGS: edited the manuscript; ATHMH, SIMPE, AAK, MTS,
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the data collection, conception, and design of the Maastricht Study; and
all authors: read and approved the final manuscript. The authors report no
conflicts of interest.

Data Availability
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from the corresponding author and The Maastricht Study
Management Team (research.dms@mumec.nl) upon reasonable
request.
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