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Diet is a major environmental source of proinflammatory AGEs
(heat-generated advanced glycation end products); its impact in
humans remains unclear. We explored the effects of two equiv-
alent diets, one regular (high AGE, H-AGE) and the other with
5-fold lower AGE (L-AGE) content on inflammatory mediators of
24 diabetic subjects: 11 in a 2-week crossover and 13 in a 6-week
study. After 2 weeks on H-AGE, serum AGEs increased by 64.5%
(P = 0.02) and on L-AGE decreased by 30% (P = 0.02). The
mononuclear cell tumor necrosis factor-a/B-actin mRNA ratio
was 1.4 = 0.5 on H-AGE and 0.9 = 0.5 on L-AGE (P = 0.05),
whereas serum vascular adhesion molecule-1 was 1,108 + 429
and 698 + 347 ng/ml (P = 0.01) on L- and H-AGE, respectively.
After 6 weeks, peripheral blood mononuclear cell tumor necrosis
factor-a rose by 86.3% (P = 0.006) and declined by 20% (P, not
significant) on H- or L-AGE diet, respectively; C-reactive protein
increased by 35% on H-AGE and decreased by 20% on L-AGE (P =
0.014), and vascular adhesion molecule-1 declined by 20% on
L-AGE (P < 0.01) and increased by 4% on H-AGE. Serum AGEs
were increased by 28.2% on H-AGE (P = 0.06) and reduced by
40% on L-AGE (P = 0.02), whereas AGE low density lipoprotein
was increased by 32% on H-AGE and reduced by 33% on L-AGE
diet (P < 0.05). Thus in diabetes, environmental (dietary) AGEs
promote inflammatory mediators, leading to tissue injury. Re-
striction of dietary AGEs suppresses these effects.

edical nutrition therapy plays an important role in the

management of diabetes and its complications. Current
dietary strategies center on nutrients, or caloric restriction, but
not on risk-associated processing methods (1-3). An unrecog-
nized risk factor for diabetic complications is the heat-generated
group of advanced glycation end products (AGEs) which form
in common foods during the spontaneous reactions between
reducing sugars and proteins or lipids (4-9).

AGEs are best known as endogenous products of nonenzy-
matic glucose—protein interactions, which include multiple
highly reactive structures (7-9). Only a few in vivo AGE
structures have been linked to diabetic complications. Com-
mon among them are the AGE precursor, methylglyoxal (MG),
the late oxidative product °N-carboxymethyl-lysine (CML),
pentosidine, pyrraline, and others (10-12). Free NH,-
containing lipids are also subject to glycation, which is linked
to simultaneous lipid peroxidation via reactive oxygen species
generation (13, 14), a typical product of which is also CML. In
contrast to the in vivo AGEs, dietary AGE proteins and AGE
lipids form much more rapidly in the presence of heat and in
far greater concentrations. AGEs, in addition to their chemical
reactivity, increase cell-oxidant stress and nuclear factor-«xB
transcriptional activation, promoting inflammatory mediators
[e.g., tumor necrosis factor a (TNFa), IL-1B, IL-6, and vas-
cular adhesion molecule (VCAM)-1] (15-18) and supporting
the hypothesis that the low-grade inflammation associated
with diabetes and its complications may be in part AGE-
mediated. AGE infusion in nondiabetic rabbits promotes
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atheroma-like lesions (15), whereas, in contrast, inhibition of
AGE formation retards vascular complications in diabetic
animals (19-23).

The nature of pathogenic AGEs is not known as yet (10-12),
and multiple derivatives other than those of MG or CML
moieties have yet to be identified. Immunoreagents to MG
derivatives and CML-like products, however, have presented
invaluable means for animal and clinical correlations (10, 11, 24,
25). It thus has been confirmed that two-thirds of orally absorbed
dietary AGEs (=10% of the amount ingested) are retained in
tissues in bioreactive forms (26, 27). Evidence supporting patho-
genicity of food AGEs in animal models has also emerged; in
marked contrast to the severe vascular occlusive lesions forming
in diabetic apolipoprotein E-deficient mice or the diabetic
glomerulopathy in nonobese diabetic and db/db mice fed stan-
dard chow, marked protection against both pathologies was
observed in animals fed a low-AGE (L-AGE) diet (28, 29)
despite hyperlipidemia and hyperglycemia. In both instances,
reduction of serum AGE (sAGE) and tissue AGE levels were
significant.

In this article we demonstrate that modulation of oral AGE
intake in diabetic subjects triggers changes in markers of inflam-
mation, linked to diabetes and vascular dysfunction.

Methods

Study Subjects/Clinical Protocol. Two dietary studies were carried
out in a total of 24 nonsmoking, diabetic subjects recruited at
the Mount Sinai School of Medicine: a 2-week randomized
crossover study (n = 11) and a 6-week randomized parallel
group study (n = 13). Relevant characteristics are outlined in
Table 1. Study subjects were in good glucose control (HbAc
7.5 = 0.7%) and had normal renal function. Patients were
excluded if they had HbAc =9%, had frequent hypoglycemia,
had a cardiac event within the preceding 3 months, were on
glucocorticoids or anticoagulants (other than aspirin), had
serum creatinine =176.8 pwmol/liter, or had food allergy or
religious restrictions. Four patients from the second study were
treated with statins (Lipitor) and two with aspirin; these ended
up equally divided between the two treatment groups. Only
one subject had a history of established coronary artery
disease. The protocols were approved by the Institutional
Review Board, and all subjects provided informed consent.
The crossover study consisted of 2 weeks on one diet, a 1-
to 2-week washout period, and 2 weeks on the alternate diet.
Subjects were admitted to the clinical research center (CRC)
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Table 1. Baseline patient characteristics

2-week study

(crossover), 6-week study,

n=11 n=13
Age, years 52 +5 ~62
Type 1/type 2 diabetes 2:9 4:8
Body mass index 28 =35 295+ 3
HbA1c, % 7.8 +0.7 7.2 = 0.65
Serum creatinine, wmol/liter 61.88 + 17.68 81.3 = 30.9
Insulin/oral medications/diet only 4:6:0 5:5:3

Data are shown as means + SEM. There were no significant differences
between groups at baseline.

for the initial 36 h and returned daily for the collection of blood
and urine samples. Adherence assessment was based on a daily
food log. Subjects were provided with packaged meals for
breakfast, lunch, dinner, and snacks. Fasting and 4-h blood
samples were obtained on the first day for postprandial sAGE.
In addition, 13 patients were studied for a period of 6 weeks
under the same regimen but randomized to either the high-
AGE (H-AGE, n = 6) or L-AGE diet (n = 7). After an initial
overnight hospitalization, patients returned to the CRC three
times per week for blood or urine collection and to receive
prepared meals.

In the >200 foods assessed, protein-associated AGEs were
tested by competitive ELISA (24, 25), whereas lipid AGEs
were tested by a direct ELISA (refs. 13 and 14; select items are
shown in Table 2). The ELISA uses an mAb (4G9 mAb,
Alteon, Ramsey, NJ) that reacts strongly with CML-modified
BSA (23 CML-Lys/mol BSA) and AGE-BSA, weakly with
MG-BSA (21.8 MG-Arg/mol BSA), and not with native BSA
or human serum albumin. Meals were planned based on the
aggregate AGE value of food components. In addition, select
food categories were tested for MG derivatives by anti-MG
3D11 mAb (Table 2; ref. 25). This anti-MG-ovalbumin mAb
(3D11 mAb) is reactive with MG-BSA (at 4 nmol/ml) and
AGE-BSA (at ~500 ug/ml) but not with CML-BSA, BSA, or
ovalbumin (25).

Two study diets were designed to have similar content of
calories, protein, carbohydrate, and fat but differ by ~5-fold in

AGE content, based on CML content (4G9 mAb), by varying
the cooking time and temperature. Both diets were compatible
with the National Cholesterol Education Program Step 1 diet
(2) and the American Diabetes Association (30) and contained
50-55% carbohydrate, 20% protein, <30% fat (< 10% satu-
rated fat), and <300 mg cholesterol. ESHA 7.4 food-processor
software (Salem, OR) was used to calculate nutrient content
of the diets. Energy requirements were calculated individually
based on the Harris Benedict equation, and 3-day nonconsec-
utive food diaries were analyzed to determine habitual energy
intake. These data were used to design meal plans to maintain
the subjects’ weight. All meals were prepared in the clinical
research center.

Clinical Tests. HbA;c was measured by ion-exchange HPLC
(Bio-Rad Variant) and serum fructosamine by a colorimetric
method (Cobas Integra, Roche Diagnostics). Plasma or serum
levels of C-reactive protein (CRP) were measured by immuno-
nephelometry (IMMAGE Nephelometer, Beckman Coulter).
TNFa mRNA levels in mononuclear cells were measured by
RT-PCR as described (31), and TNF« protein and VCAM-1
were measured by ELISA kits (BioSource International, Cam-
arillo, CA and R & D Systems).

SAGE levels were measured by CML-sensitive ELISA (4G9)
(24, 25). Fresh plasma low density lipoprotein (LDL)-
apolipoprotein B and lipid components were separated by
standard procedures (13, 14); AGE-modified LDL components
were determined by competitive or direct ELISA (4G9) as
described (13, 14). Synthetic CML-BSA and MG-BSA were
provided by Y. Al-Abed (Picower Institute, New York).

Bioreactive properties of food-derived AGEs were deter-
mined in parallel with standard AGE-BSA, MG-BSA, and
CML-BSA (100 pg/ml) as described (25) based on (i) gluta-
thione-depletion assay using human umbilical vein endothelial
cells (OXIS International, Portland, OR) (25, 32-34), (ii)
TNF« induction in T1B-186 cells using established ELISA,
and (iii) intermolecular cross-linking assay (25, 35). Differ-
ences in bioreactivity levels among major food groups were
generally consistent with differences in AGE immunoreactiv-
ity (Table 2).

Data Analysis. Results from the 2-week crossover study were
based on data obtained on the final day of each treatment period

Table 2. Relative concentrations of CML and MG derivatives in foods correlate with AGE bioreactive properties

Intermolecular*

CML, units/mg MG, nmol/mg GSH*, % of control® TNF-a*, ng/mg protein crosslink formation

Food categories

Chicken (broiled cubes) 73.8 =12 2.4+ 0.8 19.1 = 10 8.1+0.2 110

Tuna (broiled) 31.8 £ 4.2 25+0.8 37 £ 6.7 6+04 9.2

Egg yolk (boiled 12 min) 18.0 £ 3.2 0.9 £0.6 45+ 8 3.6 204 22.8

White bread (toasted) 1.0 +04 0.7 = 0.1 87 =10 54+ 0.6 3.3

Pasta (boiled 12 min) 24 +03 0.6 £ 0.2 90 £ 12 1.5+ 0.1 2.8
AGE standards

AGE-BSA 76 = 17 0.12 = 0.04 35.8 = 11 30.6 = 11 91

CML-BSA 109 = 18 ND 69.1 + 41 8.5 + 6.1 2

MG-BSA 47 £ 5 525+ 1.6 216 =2 43.3 = 20 55

BSA 1+0.18 ND 85 + 10 1.5+ 0.5 1

Average content of AGEs in common representative foods is shown from triplicate measurements based on CML- or MG-sensitive competitive ELISA using 4G9
or 3D11 mAbs as described (24, 25). Where appropriate, CML values reflect the aggregate of protein- and lipid-associated immunoreactivities. ND, not
determined.

*Bioreactive properties: oxidant stress, cytokine induction, and crosslink formation. Fresh extracts of food samples were AGE-enriched by AGE-affinity
chromatography (25, 36) and kept at —80°C. Aliquots (=10 AGE units per sample by 4G9 mAb) were tested in culture (human umbilical vein endothelial cells
for glutathione or T1B-186 for TNFa) (1 X 10° cells per well) in parallel with standard AGE-BSA, BSA, CML-BSA, and MG-BSA (100 ug per sample) (25, 32, 33).
Glutathione, shown as percentage change relative to control medium (100%), and TNFa (ng/mg cell protein) were measured in cell lysates. High molecular mass
complex formation by ['?%I]fibronectin 70-kDa fragments is shown as n-fold high molecular mass increase above native BSA.

TCulture medium alone.
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Table 3. Effects of different dietary AGE consumption on metabolic variables during 2-week and 6-week studies

6-week study’

2-week crossover study* H-AGE L-AGE

H-AGE L-AGE P Baseline 6 weeks Baseline 6 weeks P
Body weight, kg 81.7 = 4.2 81.2+4.2 0.2 89.1+7 88.9 = 6.8 72 £7.2 704 =75 0.02
Systolic blood pressure, mmHg 126 = 3.9 133 +45 0.2 125.2 + 3.7 127 =2 127.1 =3 122+ 6 0.3
Diastolic blood pressure, mmHg 73 £3 72 2.6 0.6 60.7 = 4 63 + 2 67.6 £ 5 64 =5 0.4
Fasting glucose, mmol/liter 7.5+0.7 8.1 =04 0.5 6.5+ 1.2 8.1+ 1.1 701 5.6 = 0.5 0.02
Fructosamine, mmol/liter 319 = 11 325+ 13 0.3 299.3 + 21 324 = 15 345 + 20.3 281 =13 0.8
Cholesterol, mmol/liter 46 +0.2 45 +0.3 0.4 497 = 0.6 46 +0.6 44 +0.2 44 +0.2 0.2
LDL cholesterol, mmol/liter 2.7 = 0.1 2.6 0.2 0.1 2.86 = 0.2 2.7+0.5 2.4+ 0.1 2.5+0.2 0.1
HDL cholesterol, mmol/liter 1.3 = 0.07 1.2 = 0.1 0.1 1.53 = 0.15 14 +0.2 1.38 = 0.1 1.3+ 0.1 0.2
Triglycerides, mmol/liter 1.2 0.1 1.3 =0.1 0.4 1.25 = 0.1 1.2 £0.1 1.15 = 0.08 1.1 =0.1 0.9

Results are expressed as means = SEM. HDL, high density lipoprotein.

*P values refer to the significance between last day of the H-AGE and L-AGE diets.
TH-AGE, n = 6; L-AGE, n = 7. P values refer to significance of percentage change (from baseline to 6 weeks) of H-AGE versus L-AGE.

and were adjusted for differences in baseline values. For cross-
over studies ANOVA was used to compare results from the two
treatment periods. Unpaired, two-tailed ¢ test was used to
analyze the difference between fasting and postprandial SAGE
levels. For the 6-week study, the percent change from baseline
values was compared between the L-AGE and H-AGE diet
groups and analyzed by the Mann—Whitney test. Differences
between baseline and 6 weeks within each treatment group were
compared by using the Wilcoxon rank sum test. Mann—Whitney
nonparametric analysis was used for differences between
grouped sets of data; differences were considered significant at
P < 0.05.

Results

Diets and Subjects. The study’s dietary goals, which were to design
meals with reduced or enhanced AGE content, were achieved
while maintaining the required balance in macro- and micro-
nutrients. The mean daily AGE content of the L-AGE diet was
3.67 = 1.2 X 10° AGE units/day = SD compared with 16.3 =
3.7 X 10° AGE units/day + SD in the H-AGE diet.

Based on testing of >200 common foods by the CML-sensitive
ELISA (select items are shown in Table 2), several patterns
emerged. Foods from animal sources that were high in protein
and lipid content (meat, cheese, and egg yolks) had the highest
values of either CML or MG derivatives and the highest prooxi-
dant, cell-activating potency (Table 2; ref. 25).

During the 2-week study, there were no significant differences
in glucose control, cholesterol, triglycerides, body weight, or
blood pressure (Table 3).

Despite the small reductions in fasting plasma glucose and

Table 4. Changes in inflammatory markers correspond to
changes in sAGE (2-week crossover study)

H-AGE L-AGE P
SAGE, units/ml 13.0 6 77 £24 0.02
AGE LDL, units/ml 168 = 57 120 = 54 0.03
Urine AGE, units X 1073/24 h 304 =12 15.26 = 10 0.01
AGE/creatinine, units/mg 22+8 13+6 0.02
TNFa/B-actin* 1.42 + 0.5 0.91 + 0.5 0.05
VCAM-1, ng/ml 1,108 *= 429 698 + 347 0.01
CRP, mg/dl 6.0 = 8.6 4.1 + 4.8 0.38

Values (mean + SD) were obtained at end of the H- and L-AGE diet study
periods.
*TNFa mRNA from subjects’ peripheral mononuclear cells was tested by
RT-PCR; data are shown as mean = SEM of TNF«/B-actin ratio.
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body weight seen at the end of the 6-week L-AGE versus H-AGE
diet (P = 0.02), blood pressure, HbA;c, total and LDL choles-
terol, high density lipoprotein cholesterol, and triglycerides
remained similar in both studies (Table 3).

sAGE Components. Two-week study. Changes in fasting SAGE levels
were seen in all subjects: SAGE increased on the H-AGE diet
(from 7.9 = 2.1 to 13.0 = 6 AGE units/ml, P = 0.02) and
declined on the L-AGE diet (from 10.9 = 3.2to 7.7 = 2.4 AGE
units/ml, P = 0.01) (Table 4). Also, AGE-modified LDL cho-
lesterol changed significantly within 2 weeks on either diet (P =
0.03) (Table 4), although AGE-apolipoprotein B changes did not
reach significance at 2 weeks (P = 0.08). Total 24-h urinary
excretion of low molecular weight AGE during the 2-week study
was significantly reduced on the L-AGE diet compared with that
seen with the H-AGE (P = 0.01) diet, as was the AGE/
creatinine ratio (P = 0.02) (Table 4). There was a small but
significant increase in sSAGE levels 4 h postprandially on the
H-AGE (P < 0.001) but not the L-AGE (P = not significant) diet
(Table 5).

Six-week study. After 6 weeks of the randomized parallel group
diet study, fasting SAGE levels were reduced by 40% on the
L-AGE diet and increased by 28.2% on the H-AGE diet from
baseline values (P = 0.02) (Fig. 14). In this study serum
immunoreactive MG derivatives were also tested and found to be
increased by 20% on the H-AGE diet and reduced by 16% on the
L-AGE diet (P = 0.007; Fig. 1B). After 6 weeks, AGE-LDL
cholesterol increased by 32% on H-AGE and decreased by 33%
from baseline on L-AGE diet (P = 0.05; Fig. 1C). As with the
2-week study, baseline serum protein or plasma LDL lipid-
associated AGE values in this study did not vary significantly
between study groups with regard to both CML and MG
derivatives.

Vascular Markers. Two-week study. Peripheral blood mononuclear

TNFa mRNA levels were found reduced on the L-AGE diet
compared with the H-AGE diet (P = 0.05; Table 4), whereas

Table 5. Pre- and postprandial sAGE levels

L-AGE diet H-AGE diet
Preprandial, AGE units/ml 10.3 =3 8.1=*2
Postprandial, AGE units/ml 99 +2 9.7 = 2°F

SAGE levels (mean =+ SD) were measured on day 1 prior to and 4 h after meal
(dinner). *, P = 0.001.

Vlassara et al.
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Fig. 1. Circulating AGE levels correspond to dietary AGE intake: a random-
ized 6-week study. Fasting SAGE levels were determined in 13 diabetic patients
(H-AGE, n = 6; L-AGE, n = 7) by CML-sensitive (A) (4G9 mAb) or an MG
derivative-sensitive ELISA (B) (3D 11 mAb). (C) Plasma AGE-LDL lipid levels were
assessed by direct ELISA (4G9). Values are shown at baseline (BL) and the end
of H-AGE or L-AGE; data are shown as mean * SEM of triplicate measure-
ments. The percentage of change between H-AGE and L-AGE are shown
(Right). *, P < 0.05; **, P < 0.01.

serum VCAM-1 was reduced by ~50% by L-AGE diet com-
pared with H-AGE diet (P = 0.01; Table 4).

Six-week study. After longer exposure to the two diets, serum CRP
levels were found increased by 35% from baseline after the
H-AGE diet and decreased by 20% after the L-AGE diet (P =
0.01; Fig. 24). Peripheral blood mononuclear TNFa protein
levels increased significantly (by 86.3%) on the H-AGE diet (P =
0.006) compared with the 20% decrease seen after the L-AGE
diet (Fig. 2B); similarly, on the L-AGE diet serum VCAM-1
levels decreased by 20% (P = 0.03; Fig. 2C). No significant
differences were present at baseline between study groups.

Discussion

The current study demonstrates that circulating glycotoxins
(SAGE) can be modulated in human diabetes by altering
dietary AGE intake. sAGE changes are followed by parallel
changes in levels of inflammatory molecules (CRP, TNFa, and
VCAM-1), all three of which are established markers of
diabetes and vascular disease. These American Heart Associ-
ation- and American Diabetic Association-approved diets
were not enriched in fat or carbohydrate (as are Western diets)
and were balanced for vitamin content including antioxidant
supplements (25). Subjects were under fair glycemic control;
only one patient had an established history of coronary artery
disease, and no subjects had clinically evident renal disease.
Significant changes in SAGE occurred within a short period (2
weeks), which paralleled AGE consumption and were sus-
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tained for the 6 weeks of study. Therefore, these changes could
not be attributed to alterations in glycemic control nor to
energy intake.

Unlike other dietary interventions, the manipulation applied
here involved normal procedures of meal preparation (e.g.,
temperature or time) and not of principal nutrients. Partial
degradation of heat-labile vitamins such as thiamine, folate, and
B6, known for antioxidant and anti-AGE properties (34, §), was
compensated for by standard supplementation (34).

Although hyperglycemia remains a major contributor to dia-
betic complications, based on the Diabetes Control and Com-
plications Trial and United Kingdom Prospective Diabetes Study
trials (30, 36, 37), sustained euglycemia without additional
measures (e.g., control of weight gain, cholesterol, or smoking)
has yet to be proven effective (1-3).

Herein, glucose and lipid abnormalities were unremarkable
over the course of the studies. The findings therefore were
independent of dietary fat or carbohydrate and pointed to
other factors, namely exogenously supplied dietary AGEs.
Changes in CRP are found to mirror sAGE, corresponding to
dietary intake, indicating that exogenous oxidant stress-
promoting AGEs may contribute to the diabetes-related in-
flammatory state (23, 38, 39). CRP exhibits a significant
association with diabetes and related vascular mortality (40—
43). Thus, it is conceivable that the frequent intake of dietary

SLin, J., Alt, A,, Liersch, J., Reinhard, G. B., Brownlee, M. A. & Hammes, H.-P. (2000) Diabetes
49, A143 (abstr.).
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AGE promotes a sustained low-grade inflammatory state. In
this sense, other markers of immune response such as cyto-
kines and adhesion molecules are inducible by AGEs via
reactive oxygen species production and nuclear factor B
activation (7-14, 44), properties which are also exhibited by
dietary AGEs (25). These reactive molecules (ranging between
12 and 22 million AGE units in a “healthy meal”), which are
“seeding” the systemic circulation regularly, could, together
with hyperglycemia, contribute to the subtle inflammatory
state associated with diabetes (23, 41-43, 45).

The identity of pathogenic AGEs remains largely undefined.
However, an interesting correlation between postprandial
hyperglycemia and serum levels of MG and 3-deoxyglucosone
(46) or a transient increase in the production of reactive
oxygen species after a meal in diabetic subjects have been
reported (47). In this study, postprandial AGE levels corre-
spond to the amount of AGEs ingested (26, 27). Furthermore,
the steady-state AGE levels follow a pattern that is consistent
with the amount ingested and moves synchronously with the
inflammatory mediators. These data may provide a further
link between sustained tissue vulnerability and vascular dys-
function (42, 43, 45, 48-50), lasting well beyond the window of
postprandial glycemia or lipidemia.

Subjects fed oxidized lipids have been reported to have
elevated atherogenic oxidized lipids in postprandial chylomi-
crons, especially in the presence of diabetes (51, 52). These
reports, given the typical Western dietary patterns, may point
indirectly to enhanced interactions between dietary lipids and
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