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Abstract

Background Diabetes mellitus is characterized by

hyperglycemia that plays an important role in the patho-

genesis of diabetic complications including cardiovascular

diseases. Moreover, hyperglycemia induces increased

generation of advanced glycation end products (AGEs).

The activation of platelets is associated with the develop-

ment of cardiovascular diseases.

Aim of the study The question whether AGEs acutely

induce platelet activation as a response to exogenous

stimulus is addressed.

Materials and methods The effect of AGEs derived from

food and human serum being purified by lysozyme affinity

chromatography was examined by incubating in vitro

freshly isolated blood platelets from fasted subjects at

various concentrations and different time points. Platelet

activation, determined as expression of surface markers

CD62 and CD63, and the presence of the receptor for

AGEs (RAGE) in platelet membranes was measured by

flow cytometric analysis using specific antibodies.

Results Incubation with food-derived as well as serum-

derived AGEs stimulated significantly the expression of

CD62 up to 7.1-fold and CD63 up to 2.2-fold at the platelet

surface membrane as a function of concentration and

time. Incubation with thrombin or AGEs significantly

increased RAGE expression twofold at the platelet surface

membrane.

Conclusions The increase in surface activation marker

and RAGE expression in platelets, resulting from concen-

trations of AGEs that occur in vivo after a meal or a drink

as a source of exogenous AGEs, points to signaling

mechanisms for food AGEs that could favor the precipi-

tation of acute postprandial ischemic events.

Keywords Advanced glycation end products �
Atherothrombosis � Diabetes mellitus � Flow cytometry �
Platelet activation � RAGE

Introduction

Platelets represent an important linkage between inflam-

mation, thrombosis and atherogenesis. Platelet-induced

chronic inflammatory processes at the vascular wall result

in development of atherosclerotic lesions and athero-

thrombosis [7]. Activated platelets expressing P-selectin

(CD62) rapidly adhere to human endothelial cells as well

as to blood leukocytes. Adherence of activated platelets to

endothelial cells is a key event in the sequence of thrombus

formation, and platelet recruitment by activated leukocytes

plays an important role in modulating an inflammatory

reaction [13]. The activation of platelets is induced by

binding of different agonists (ADP, collagen and thrombin)
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to specific receptors on the platelet surface. Thrombin, as

the strongest agonist, in high concentrations can mobilize

sufficient signal molecules to cause complete activation of

all platelet responses [34]. Thrombin activates platelets via

the protease-activated receptors and by interaction with

GPIba, which is described to be the high-affinity receptor

for thrombin [9, 10, 23]. Postprandial hyperglycemia is an

early finding in type 2 diabetes mellitus caused by the loss

of the early phase insulin response [24]. Yngen et al. were

able to show that the postprandial state is associated with

enhanced platelet reactivity in patients with type 2 diabetes

mellitus [36]. Chronic hyperglycemia is associated with

accumulation of advanced glycation end products (AGEs)

[33]. AGEs are formed endogenously by non-enzymatic

reactions between a carbonyl group of reducing sugars and

free amino groups from macromolecules, such as proteins,

phospholipids and nucleic acids. In vivo AGEs, however,

also derive from exogenous sources like cigarette smoking

and high-temperature processed food and may be major

contributors to the AGE pool [17, 21, 22, 29, 32]. AGE

contents differ depending on the origin and the processing

of the food. A typical Western diet may vary regarding

AGE content, up to five- to eightfold, if the components are

roasted instead of being steam boiled [8]. Beverages also

contain AGEs in different amounts with cacao being a

prominent source of AGEs [1, 8]. For instance, with a 250-

ml drink of cola 16.3 kU of AGEs are delivered, the same

amount of diet cola contains only 3 kU AGEs [8]. Recent

studies show that a single AGE-rich meal rapidly increases

serum AGEs and biomarkers of inflammation, as well as

endothelial dysfunction, in patients with type 2 diabetes

mellitus [20, 27, 30]. Significant increases in serum AGEs

after exposure to AGE-containing beverages can occur

together with altered clinical measures of endothelial

function in diabetic and nondiabetic subjects [30]. Besides

receptor-independent effects, AGEs induce receptor-

dependent effects via the interaction with several receptors,

in particular with the receptor for AGEs (RAGE) [2, 5, 31].

Binding of AGEs to RAGE enhances oxidative stress and

induces a state of cell activation and dysfunction [35].

RAGE is expressed by different cells such as endothelial

cells, monocytes, macrophages, neurons and smooth mus-

cle cells [3, 26].

The aim of the present study was to investigate the

impact of food AGEs as well as serum-derived AGEs on

platelet activation in vitro by using activation-specific

surface markers CD62 and CD63. For this purpose, the

well-established method for the preparation of AGEs from

different sources using affinity chromatography with

lysozyme is applied. Lysozyme is an important antibacte-

rial defense protein found in saliva, nasal secretions,

mucus, serum and in the lysosomes of neutrophils and

macrophages. Lysozyme binds AGEs noncovalently, with

high affinity (Kd = 50 nM). A conserved AGE-binding

cysteine-bounded domain was identified. Among the sol-

uble AGE-binding proteins, lysozyme has the highest

affinity for AGEs [14]. This specific interaction is the basis

to use an AGE affinity lysozyme matrix, prepared from

lysozyme conjugated to Sepharose 4B, to bind and enrich

AGEs from the sera of patients or other sources. The

binding of both in vitro- and in vivo-derived AGEs to the

lysozyme matrix was demonstrated by Mitsuhashi et al.

[18, 19].

Materials and methods

Patient population

A total of 50 subjects [43 patients with diabetes mellitus

(22 T1DM and 21 T2DM)], aged 18–79 years, with or

without diabetic complications, as well as 7 healthy sub-

jects, aged 25–58 years, participated in this study after

obtaining informed consent. For each assay, the given

number (n) of blood samples of this study population was

analyzed.

Blood sampling

Fasting blood was obtained by venipuncture from an

antecubital vein of healthy subjects and diabetes mellitus

patients using a 0.9-mm caliber needle, without tourniquet,

into a 10-ml Monovette� Z (Sarstedt, Nümbrecht, Ger-

many) depleted of granulate, but containing 10% of an

anticoagulant solution (EDTA 134 mM, hydroxychloro-

quine sulfate 0.7%, heparin 20 U/ml). Platelet-rich plasma

was prepared by differential centrifugation (200 9 g,

10 min) and enriched platelets (700 9 g, 5 min) were

resuspended in 1 ml phosphate buffered saline (PBS),

counted and diluted to 100,000 platelets/ll. For baseline

measurements, one part was immediately fixed by addition

of an equal volume of formaldehyde solution in PBS, pH

7.4 and 0.5% final concentration. Further parts were incu-

bated with various AGEs or thrombin and fixed with

formaldehyde in PBS for 15 min. As a control, buffer only

incubated platelets were analyzed. Platelets were counted

again and adjusted to 50,000 platelets/ll. As much as

200 ll of the platelet suspension was incubated for 1 h

with 50 ll monoclonal antibodies against activation-

dependent epitopes and in a second step for 30 min with

100 ll anti-mouse IgG-FITC (SIGMA, Saint Louis, USA)

for fluorescence labeling. Finally, the stained platelets were

diluted with 1 ml PBS, centrifuged (700 9 g, 5 min) and

resuspended in FACSFlowTM (Becton Dickinson, Heidel-

berg, Germany). As much as 10,000 platelets per sample

were analyzed with a FACScan flow cytometer (Becton
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Dickinson) with an analysis rate of 1,000/s and at 488 nm

excitation wavelength. All data were processed using

LYSYS II software (Becton Dickinson). The proportion of

specific fluorescence-positive platelets was obtained after

electronic subtraction of non-specific mouse IgG binding.

Fluorescence signal discrimination and intensity were cal-

ibrated daily using FluoroSpheres (DAKO, Denmark) at

logarithmic photomultiplier settings. Serum was obtained

from blood as described above using 9 ml Serum-Mono-

vette� Z (Sarstedt, Nümbrecht, Germany) and centrifuged

for 10 min at 2,000 9 g.

Isolation of AGEs

Advanced glycation end product-rich extracts were isolated

from Coca-Cola�, the chocolate powder Cocoa Sarotti�

and from serum of patients with diabetes mellitus using a

lysozyme (SIGMA ALDRICH, Taufkirchen, Germany)-

linked Sepharose 4B column [18]. For the binding of

serum-derived AGEs, serum was than diluted 1:5 with PBS

just before loading on the lysozyme column. Coca-Cola

was diluted 1:4 with PBS. Cocoa Sarotti (175 mg/ml) was

diluted 1:4 with PBS after chloroform/methanol extraction

and digestion with proteinase K. The lysozyme-bound

AGE fractions were eluted with 0.1 M NaOH and neu-

tralized with HCl for the following experiments. A com-

petitive AGE-specific ELISA using anti-AGE-RNase

rabbit antiserum was employed to measure AGEs in frac-

tions eluted from the lysozyme column and original sam-

ples. The procedure has been described previously [16, 19]

and AGE units were standardized by the normal human

serum method [19]. The protein concentration of eluted

lysozyme-bound fractions was determined by Lowry pro-

tein assay. The endotoxin content of each preparation was

assessed by Limulus amoebocyte lysate assay (Pharmatox,

Germany) and was below the detection limit of 1 ng/mg

(0.03 U = 0.83 pg). The AGE-rich extracts were stored at

-80 �C until performing the experiments. Various con-

centrations of AGEs (0.006–7.5 AGE U/ml) were used for

the incubation of freshly isolated platelets from human

subjects for 5–120 min at 37 �C in vitro.

Antibodies

Activation markers CD62 (clone 2.17, directed against

P-selectin) and CD63 (clone 2.28, against a lysosomal

platelet glycoprotein 53) were generously provided by H.K.

Nieuwenhuis, Utrecht, Netherlands. Isotype control mouse

IgG from Beckman-Coulter, Krefeld, Germany was used

for non-specific control staining. Fluorescence labeling was

performed in a second step with anti-mouse IgG-FITC

conjugate (Sigma). The presence of RAGE in platelets’

membranes was examined by flow cytometric (FACS)

analysis of freshly isolated platelets. A specific antibody

directed against the N-terminus of RAGE N16 (Santa Cruz

Biotechnology, Heidelberg, Germany) was used.

Statistical analysis

Results of the experimental studies are reported as

mean ± SEM. Differences were analyzed by Student’s t test

or one-way ANOVA, followed by Bonferroni or Dunnett’s

multiple comparison post-test. A P value of \ 0.05 was

regarded as statistically significant.

For the presentation of results, absolute values were

related to those of the controls. Therefore, in all figures,

control appears as 100%. Statistical analyses were per-

formed on original values.

Results

Effects of food and serum AGEs on expression

of CD62 and CD63

The stimulatory effect of Cola-derived AGEs (7.5 AGE U/

ml) on the expression of P-selectin (CD62) increased over

time. After an incubation period of 10 min, the expression of

CD62 on platelets from ten subjects was enhanced 7.1-fold

(**P \ 0.01 vs control) compared to baseline and remained

rather constant until 60 min of incubation (Fig. 1a).

The proportion of CD62 and LIMP (CD63)-positive

platelets was determined after incubation of human plate-

lets with Cola-derived AGEs (15 min at 37 �C) as com-

pared to controls. In human platelets from seven subjects,

Cola-derived AGEs stimulated dose dependently (1.5–

7.5 AGE U/ml) the expression of CD62 and CD63. The

effect was significant at the concentration of 7.5 AGE U/

ml resulting in a 6-fold (CD62) and 2.2-fold (CD63)

(**P \ 0.01 vs control) stimulation compared to baseline

(Fig. 1b).

Treatment of platelets from six subjects with serum

AGEs resulted in a dose-dependent (6–30 mU/ml AGE)

expression of CD62 and CD63 after 120 min of incubation

at 37 �C. Compared to control, the expression of CD62 and

CD63 was significantly increased 3.7- and 2.2-fold

(**P \ 0.01 vs control), respectively, by incubation with

30 AGE mU/ml (Fig.1c). Figure 2 shows the induction of

CD62 and CD63 by Cola AGE in comparison to the

physiological platelet activator thrombin (2 nM) (CD62:

n = 31; ***P \ 0.001 vs control) (Fig. 2a); (CD63:

n = 19; ***P \ 0.001 vs control) (Fig. 2b). Regarding

the expression of CD62, the stimulation of platelets with

AGEs derived from Cocoa Sarotti showed similar results to

Coca-Cola AGEs (Fig. 2c). Furthermore, regarding the

stimulation with AGEs, no differences between platelets
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from patients with diabetes mellitus and healthy people

were detected (data not shown).

Impact of food-derived AGEs on the expression

of RAGE

Platelets were incubated with Cola-derived AGEs or

thrombin and afterwards the expression of RAGE on the

platelet surface was examined by flow cytometry. Cola-

derived AGEs (7.5 AGE U/ml) significantly stimulated

RAGE expression twofold (**P \ 0.01), similar to

thrombin (1 nM), which led to a 1.5-fold increase in the

expression of RAGE (Fig. 3b). The stimulatory effect of

Cola-derived AGEs (7.5 AGE U/ml) on RAGE expression

increased over time, with a maximum increase after 15 min

of incubation (**P \ 0.01 vs control) (Fig. 3c).
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Fig. 1 Effects of AGEs on

platelet P-selectin (CD62) and

LIMP (CD63) expression.

a Time-dependent impact of

Cola-derived AGE (0–60 min,

7.5 AGE U/ml) on platelet

expression of CD62.

**P \ 0.01 vs control;

mean ± SEM; n = 10.

b Dose-dependent effect of

Cola-derived AGE

(1.5–7.5 AGE U/ml) on

expression of CD62 and CD63

on fresh isolated human

platelets after 15 min incubation

at 37 �C. **P \ 0.01 vs control;

mean ± SEM; n = 7. c Dose-

dependent impact of serum

AGE (6–30 AGE mU/ml) on

expression of CD62 and CD63

on fresh isolated human

platelets after 15 min incubation

at 37 �C. *P \ 0.05 and

**P \ 0.01 vs control;

mean ± SEM; n = 6
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BFig. 2 Effects of AGEs and

thrombin on platelet activation.

a Expression of CD62 on

platelet surface after stimulation

with Cola-derived AGEs

(7.5 U/ml; n = 31) and

thrombin (2 nM; n = 9).

***P \ 0.001 vs control;

mean ± SEM. b Impact of

Cola-derived AGE (7.5 U/ml;

n = 19) on expression of CD63

on human platelets compared to

thrombin (2 nM; n = 9) and

control. ***P \ 0.001 vs

control; mean ± SEM.

c Expression of CD62 on

platelet surface after stimulation

with Cocoa-derived AGEs

(4 U/ml; n = 6). ***P \ 0.001

vs control (n = 6);

mean ± SEM
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Discussion

The present observations demonstrate that both exogenous

(food-derived) and endogenous (serum-derived) AGEs are

strong in vitro activators of platelets. Diabetes mellitus is

associated with enhanced reactivity of platelets and leu-

kocytes [15, 28]. In addition, postprandial hyperglycemia

induces enhanced platelet reactivity in patients with type 2

diabetes mellitus [36]. Hyperglycemia leads to increased

formation of AGEs such as carboxymethyllysine [25].

Moreover, cigarette smoking and food, especially the

standard Western-style diet, are additional sources for in

vivo AGEs [8, 21]. Even a single oral AGE challenge

results in a rapid increase of serum AGEs in both diabetic

and healthy subjects [11]. From previous experiments, it is

known that RAGE is expressed in human platelets [4].

In the present study, we have shown that AGEs derived

from different food sources as well as from serum of

patients with diabetes mellitus significantly increased

platelet activation, determined as increased expression of

P-selectin (CD62) and LIMP (CD63). AGEs stimulated

platelets activation as a function of concentration and time,

suggesting that increased levels of AGEs should also

activate platelets in vivo. Taken together, these data sup-

port the hypothesis that elevated circulating concentrations

of AGEs could be responsible for the hyperactivity of

platelets in diabetes mellitus, particularly in the postpran-

dial state.

The interaction of AGEs with specific cell receptors

activates cellular signaling pathways including the

p21RAS and mitogen-activated protein kinase (MAPK)

pathways [6, 12]. The best-characterized AGE receptor is

RAGE. Therefore, AGE-induced platelet activation may be

a result of the interaction between AGEs and RAGE. The

present study showed for the first time that in vitro stim-

ulation with AGEs or thrombin induced increased expres-

sion of RAGE on the surface of platelets from healthy

subjects and patients with diabetes mellitus. RAGE was

detected in all preparations and there were no significant

differences between the investigated samples. It was

already shown that the AGE-induced tissue factor expres-

sion by cultured endothelial cells and monocytes is
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Fig. 3 Expression of RAGE in human platelets. a Representative

flow cytometric histograms of the expression of RAGE by stimulated

(7.5 U/ml Cola AGE) and non-stimulated platelets. b Effect of Cola-

derived AGEs (15 min; 7.5 AGE U/ml) on expression of RAGE on

human platelets compared to thrombin (15 min; 1 nM) and control.

*P \ 0.05 and **P \ 0.01 vs control; mean ± SEM; n = 8. c Time-

dependent impact of Cola-derived AGEs (0–60 min, 7.5 AGE U/ml)

on platelet expression of RAGE. *P \ 0.05 and **P \ 0.01 vs

control; mean ± SEM; n = 4
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mediated via the interaction of AGEs with RAGE [2].

Platelets include specific storage granules, which fuse with

the plasma membrane, with the diffusion of internal

granular membrane proteins during activation. This

mechanism can possibly lead to the translocation of RAGE

to the platelet surface. Additional studies are required to

investigate the interaction of AGEs with RAGE, as well as

other receptors for AGEs on the platelet surface.

In conclusion, the results of the present study indicate

that AGEs of different sources induce a significant acti-

vation of platelets that may be mediated through increased

RAGE expression. This platelet activation is a likely link

between hyperglycemia and diet, and the subsequent

development of atheroembolic complications in patients

with diabetes mellitus.
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