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Summary. We have previously shown that receptors for ad- 
vanced glycation end products are expressed on activated 
human monocytes. We now report that activated human 
monocytes exhibit increased adhesion to non-enzymatically 
glycated collagen substrates ( + 32% + 1, p < 0.001), and 
the increased adhesion can be competitively inhibited with 
non-enzymatically glycated albumin. Non-activated mono- 
cytes, which do not express receptors for advanced glyca- 
tion end products, exhibit decreased adhesion ( - 16 % + 1, 
p < 0.001). Similar results were observed with substrates of 
fibronectin and endothelial cell matrix proteins. As the 
presence of glycation adducts on collagen interferes with the 
normal binding of monocytes/macrophages, one possible 

role for advanced glycation adduct receptors on activated 
monocytes is to counterbalance such decreased adherence. 
Overcompensation for long periods of time may lead to pa- 
thological changes. Additionally, such receptors may play a 
role in monocyte-mediated remodelling of glycated matrix 
proteins, as we have observed increased degradation of non- 
enzymatically glycated collagen substrates by activated 
human monocytes at 2 h ( + 52 % _+ l l , p  = 0.01), 3 h ( + 49 % 
+ 10, p = 0.01), and 4 h ( + 36 % + 6, p < 0.01) after adding 
activated monocytes to 125I-labelled substrates. 

Key words: Monocyte, glucose, endotoxin, adhesion, non- 
enzymatic glycation, collagen. 

There  is growing evidence to show that the non-enzymatic 
glycation of proteins may play an important  role in the 
pathogenesis of diabetic vascular disease [1-9]. Receptors 
for advanced glycation end products (AGE-receptors)  
were initially identified on murine macrophages [10, 11]. 
They have since been demonstrated on cultured human 
monocytes [12], and we have identified them on freshly 
isolated human monocytes following endotoxin activa- 
tion [13]. Purification from membranes of the macro- 
phage cell line RAW 264.7 has revealed that the receptor 
has an 83,000-dalton subunit involved in ligand binding 
and a 36,000-dalton subunit of unknown function [14]. It is 
thought that the receptor mediates macrophage recogni- 
tion of non-enzymatic glycation adducts formed on inter- 
stitial matrix proteins. 

We have previously shown that activated human 
monocytes exhibit a greater than six-fold increase in ad- 
herence to an AGE-albumin substrate compared to con- 
trol albumin [13]. This increase was competitively in- 
hibited when adherence to the glycated substrate was 
measured in the presence of soluble AGE-BSA,  indicat- 
ing that recognition of A G E  adducts on the albumin sub- 
strate was specific [13]. Basement  membrane proteins and 
aortic collagen have been shown in vivo to accumulate 

large amounts of A G E  adducts in diabetic rats [15, 16]. If 
receptor-mediated adherence of activated monocytes to 
non-enzymatically glycated proteins occurs within the 
walls of blood vessels, it may contribute to intimal mono- 
cyte accumulation and the development of atheroscle- 
rosis. 

The present study examines whether activated human 
monocytes/macrophages exhibit altered adherence to 
non-enzymatically glycated collagen substrates. As AGE-  
receptors on murine macrophages have been shown to 
mediate the uptake and degradation of a variety of soluble 
non-enzymatically gtycated proteins [10], we also exam- 
ined whether activated human monocytes would exhibit 
increased degradation of AGE-col lagen substrates. 

Materials and methods 

Monocyte isolation 

Whole human blood was collected into EDTA-vacutainer tubes and 
layered over Histopaque-1077 (Sigma Chemical Co, St. Louis, Mo., 
USA). Following centrifugation at 700 x g for 30 min, the mono- 
nuclear layer was collected, washed in phosphate-buffered saline 
(PBS) with 0.1% bovine serum albumin (BSA), and suspended in 
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Fig.1. Adhesion of freshly-isolated ([7~) or endotoxin-activated 
([]) human monocytes to non-enzymatically glycated collagen sub- 
strates. Data is expressed as percent change in adhesion compared to 
adhesion on normal collagen substrates. Error bars represent SEM. 
n = 3, *p < 0.001 

Roswell Park Memorial Institute (RPMI) + 10 % Supplemented 
Calf Serum (SCS, Gibco Laboratories, Grand Island, N.Y., USA). 
Percoll (Sigma) gradients were prepared following the addition of 
one part 10 x PBS to nine parts Percoll to bring Percoll to isotonicity. 
i ml of SCS and 14.5 ml of PBS were added to 22 ml of isotonic Per- 
coll, and centrifugation was performed at 34,000 x g for 30 min at 
5 ~ 5 ml of the mononuclear cell suspension (1 x 106 cells/ml) was 
layered over each Percoll gradient and centrifuged at 1300 x g for 
20 min at 5 ~ The top major band was then collected and washed 
twice in PBS with 0.1% BSA to remove platelets. Wright's stain re- 
vealed a monocyte purity of > 95 %. Some monocytes were then ac- 
tivated by incubating them with lipopolysaccharide B (Escherichia 
coli 0127: B8, Difco Laboratories, Detroit, Mich., USA) at a concen- 
tration of 10 gg/ml at 37 ~ for I h. The monocytes used in adherence 
assays were labelled at 4 ~ for i h with 51Cr (100 gCi/ml of cell sus- 
pension, New England Nuclear, Boston, Mass., USA), rinsed, and 
resuspended at a concentration of 1 x 106 cells/ml. 

Preparation of non-enzymatically glycated proteins 

Purified collagen (Vitrogen 100, Collagen Corporation, Palo Alto, 
Calif., USA) and flbronectin (Sigma) were non-enzymatically gly- 
cated by incubation in Hanks' balanced salt solution (HBSS) with 
sodium bicarbonate (pH 8.0) at 37 ~ for 3 weeks in the presence of 
200 mmol/1 glucose. Similar treatment has been shown to produce 
large amounts of AGE-adducts [9, 10]. Controls were incubated for 
3 weeks without glucose. Suspensions were subsequently dialysed 
overnight to remove free glucose, and aliquots were used for protein 
determination using the BCA Protein Assay Reagent (Pierce 
Chemical Co., Rockford, Ill., USA). 

Endothelial cell matrices were prepared by first isolating endo- 
thelial cells from bovine pulmonary arteries. The arteries were ob- 
tained from a local slaughterhouse and transported to the laboratory 
in Hanks' balanced salt solution with 10 mmol/1 HEPES, pH 7.4 
(buffered HBSS) with antibiotics. Arteries were flushed with buf- 
fered HBSS, sliced longitudinally to expose the endothelial surface, 
incubated in 0.1% collagenase for 20 min at 37~ and gently 
scraped. Following centrifugation at 3000 x g for 5 min, the cells 
were suspended in Dulbecco's Modified Eagle's Medium (DME) 
with 5 % SCS and 5 % NuSerum (NS, Collaborative Research, Bed- 
ford, Mass., USA) and antibiotics. Cells were plated in 24-well tissue 
culture plates, grown to confluence, and identified as endothelial by 
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their cobblestone morphology [17], positive immunofluorescence 
staining for factor VIII [18], and the binding and uptake of fluores- 
cently-labelled acetylated LDL [19]. Monolayers were then lysed 
with 0,5 mmol/1 NH4OH, and the wells were washed extensively in 
buffered HBSS. Phase-contrast microscopy revealed that all cells 
were lysed and completely washed away. Matrix-coated wells were 
then incubated in HBSS with sodium bicarbonate (pH 8.0) for 
3 weeks at 37 ~ in the presence of 200 mmol/1 glucose, while control 
matrices were incubated for 3 weeks without glucose. 

Monocyte adherence assays 

Solutions of collagen (8.5 gg/well) and non-enzymatically glycated 
collagen (8.5 gg/well) were added to tissue-culture wells and allowed 
to dry at 37 ~ Solutions of fibronectin and non-enzymatically gly- 
cated fibronectin (0.6 gg/well) were similarly allowed to dry at 37 ~ 
Endothelial cell matrices were also prepared as described above. 
200 gl of a solution of freshly isolated or activated 51Cr-labelled 
monocytes (1 x 106 cells/ml of buffered HBSS) were then added to 
each well and allowed to incubate at 37 ~ for 5 min, as the greatest 
differences between adhesion to non-enzymatically glycated sub- 
strates and to controls were observed at this time point. Some assays 
involved pre-incubation of labelled monocytes with BSA (5 mg/ml) 
or non-enzymatically glycated BSA for 30 min at 4 ~ followed by 
adherence in the presence of BSA or glycated BSA. Wells were sub- 
sequently washed with buffered HBSS, and adherent cells were 
lysed overnight in 0.5 mmol/1 NH4OH. Percent adherence (calcu- 
lated as the number of counts remaining after washing divided by 
total counts added at the beginning of the assay) was quantitated by 
scintillation counting. 

Collagen degradation studies 

Normal collagen and AGE-collagen were radioiodinated with car- 
rier-free ~25I (New England Nuclear) by the IODO-GEN method of 
Fraker and Speck [20] and recovered by trichloroacetic acid (TCA) 
precipitation. Specific activities for ~25I-collagen and l~I-glycated 
collagen were 4.88 x 10 4 cpm/gg and 4.56 x 104 cprrdgg, respectively. 
Solutions of labelled collagen and AGE-collagen were then added to 
tissue-culture wells (500 ng/well) and allowed to dry at 37 ~ 200 gl 
of a suspension of activated monocytes (1 x 106 cells/ml of buffered 
HB SS) was added to triplicate wells containing labelled collagen and 
AGE-collagen substrates and incubated at 37~ for periods of be- 
tween 1 and 4 h. To determine the amotmt of matrix protein de- 
graded, the media were collected, the matrices were washed, and the 
media and washings were pooled. TCA precipitation was performed 
using 20 % TCA, and the amount of non-precipitable radioactivity 
in the supernatants was subsequently quantitated by scintillation 
counting. 

Statistical analysis 

The Student's unpaired t-test was used to determine whether values 
obtained from the monocyte adherence assays and collagen degra- 
dation studies were significantly different from control values. 

Results 

W h e n  freshly isolated h u m a n  monocy tes  were al lowed to 
adhere  to substrates  of A G E - c o l l a g e n  or no rma l  collagen, 
a small  bu t  significant decrease ( - 16 % + 1, p < 0.001) in  
adhes ion  to the glycated substrate  was observed  com- 
pared  to the n o r m a l  col lagen substrate  (Fig. 1). (As mono-  
cytes were  isolated f rom different  donors  on different  
days, the absolute  adhes ion  of freshly isolated monocy tes  
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Adhesion of freshly-isolated ([~) or endotoxin-activated 
([]) human monocytes to substrates of non-enzymatically glycated 
fibronectin (n = 4), and adhesion of freshly-isolated ([~) or endo- 
toxin-activated ([]) human monocytes to substrates of non-enzy- 
matically glycated matrix protein secreted by endothelial cells 
(n = 3). Data is expressed as percent change in adhesion compared 
to adhesion on normal substrates. Error bars represent SEM. 
*p < 0.001, **p < 0.03 

to normal collagen substrates ranged from 13 % to 45 %. 
Therefore,  all adhesion data are expressed as percent of 
control adhesion.) Such a decrease would be expected 
from the addition of AGE-adducts  on lysine residues of 
collagen sequences recognized by monocyte  receptors. 
However, when endotoxin-activated monocytes (known 
to express AGE-receptors)  [13] were allowed to adhere to 
substrates of AGE-col lagen or normal collagen, an in- 
crease in adhesion ( + 32 % + 1, p < 0.001) was observed. 
This increase is consistent with receptor-mediated recog- 
nition of AGE-adducts.  

Assays performed with substrates of AGE-fibronect in 
and AGE-matr ix  protein secreted by large vessel endo- 
thelial cells (AGE-BPA) showed similar results (Fig. 2). 
The adherence of non-activated monocytes to AGE-fi-  
bronectin was much less than adhesion to control fibro- 
nectin ( - 38 % _+ 1,p < 0.001), whereas adhesion to A G E -  
BPA was not significantly different from adhesion to the 
control substrate. However, the amount  of decrease in ad- 
hesion to AGE-fibronect in  compared to control fibronec- 
tin was less with activated monocytes than with non- 
activated monocytes  ( - 22 % + 2, p < 0.001). Similarly, 
adhesion to A G E - B P A  compared to control substrates 
was greater with activated monocytes than with non-acti- 
vated monocytes ( + 19 % + 6, p < 0.03). 

To determine whether the increased adhesion of acti- 
vated monocytes to AGE-collagen was due specifically to 
the presence of AGE-adducts  on the substrate, competi- 
tion experiments were performed using soluble ligands 
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with AGE-adducts.  Figure 3 shows that the increased ad- 
herence of activated monocytes to the non-enzymatically 
glycated collagen substrate could be competitively in- 
hibited by AGE-BSA.  

The degradation of AGE-collagen and normal col- 
lagen by activated human monocytes was subsequently 
quantitated using 125I-labelled substrates. Figure 4 shows 
that degradation of the non-enzymatically glycated col- 
lagen substrate was significantly higher than the normal 
collagen substrate at 2 h  ( + 5 2 % + 1 2 ,  p =0.01), 3 h  
( + 4 9 % + I 0 ,  p =0.01), and 4 h  (+36%_+6,  p <0.01) 
after the addition of activated human monocytes to the 
substrates. 

Discussion 

We have shown previously that freshly isolated human 
monocytes do not express significant numbers of AGE-  
receptors. In this report, freshly isolated human mono- 
cytes have been shown to exhibit decreased adherence to 
AGE-collagen substrates compared to control substrates. 
It appears, therefore, that the presence of AGE-adducts  
on sequences involved in monocyte  adherence to collagen 
interferes with the normal recognition of collagen. 

In contrast, AGE-receptors  have been demonstrated 
previously on murine macrophages [10, 11]. They have 
also been shown to be present on human monocytes fol- 
lowing 2 days in culture [12], and we have shown that re- 
ceptors can be expressed on freshly isolated human mono- 
cytes following endotoxin-activation [13]. The adherence 
of endotoxin-activated human monocytes to AGE-col-  
lagen substrates is increased compared to control collagen 
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Fig.3. Adhesion of endotoxin-activated human monocytes to non- 
enzymatically glycated collagen substrates in the presence of bovine 
serum albumin (BSA, 5 mg/ml) following pre-incubation of the 
monocytes for 30 min with BSA (D), or in the presence of non-enzy- 
matically glycated BSA (AGE-BSA, 5 mg/ml) following pre-incu- 
bation of the monocytes for 30 min with AGE-BSA ([]). Data is 
expressed as percent increase in adhesion compared to adhesion 
on normal collagen substrates. Error bars represent SEM. n = 3, 
*p <0.02 
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Fig.4. Degradation of 125I-labelled normal collagen substrates (0 )  
or non-enzymatically glycated collagen substrates (�9 by endo- 
toxin-activated human monocytes. Data represents non-precipit- 
able radioactivity following trichloroacetic acid precipitation of the 
incubation media, n = 3, *p = 0.01, **p < 0.01 

substrates. Specific recognition of AGE-adduc ts  is in- 
volved in such adherence,  as significant inhibition is found 
in the presence of soluble AGE-B S A.  

We believe these findings suggest a possible physiologi- 
cal role for the AGE-receptor .  The presence of AG E-ad -  
ducts on long-lived interstitial proteins increases both in 
diabetic subjects [3-5] and in normal  individuals during 
aging [7, 10], and cells which do not express AGE-recep-  
tors would be expected to show decreased adherence to 
such matrix proteins if non-enzymatic glycation adducts 
were formed on sequences important  in cell-to-matrix ad- 
herence. The presence of AGE-recep tors  on the cell sur- 
face, however, would allow cells to compensate  for such 
decreased adherence by specifically recognizing A G E  ad- 
ducts, thereby restoring cell-to-matrix adherence. 

The expression of AGE-recep tors  on non-diabetic ac- 
t ivated monocytes  may have relevance for the normal 
aging process, as long-lived interstitial proteins undergo 
increased non-enzymatic glycation during normal  aging. 
In diabetes, as even greater  levels of  AGE-adduc ts  accu- 
mulate on long-lived proteins, one might expect A G E -  
receptors to become upregulated. This, in fact, occurs in 
diabetic rats. Alloxan-induced diabetic rats exhibit a two- 
to three-fold increase in the number  of AGE-recep tors  
per  macrophage [21]. 

If  receptor-mediated recognition of AGE-adduc ts  
becomes excessive, increased adherence and accumula- 
tion of activated monocytes  may occur within the vascular 
interstitium. Increased intimal accumulation of mono-  
cytes is known to be an early stage in the pathogenesis of 
atherosclerosis [22], and the incidence of atherosclerosis is 
greatly increased in diabetes [23]. I t  is unclear whether  the 
3 0 4 0 %  increases in adherence to AGE-pro t e in  sub- 
strates in vitro repor ted  here  would be significant enough 
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to p romote  disease in vivo. As atherosclerosis is a very 
slow process requiring many years to develop, it appears  
reasonable that small increases in adherence over  long 
periods of t ime could contribute to fatty streak format ion 
and subsequent atherosclerosis. Notwithstanding, the 
AGE- recep to r  in vivo may act primarily to prevent  dis- 
ease by counterbalancing what would otherwise be im- 
paired cell-to-matrix adherence.  

Our  finding that the AGE- recep to r  appears  to mediate 
increased degradation of AGE-col lagen,  on the other 
hand, may  have relevance for tissue remodelling in 
diabetes. Additionally, as levels of AGE-adducts  on inter- 
stitial proteins increase with age in normal  individuals, in- 
creased degradation of AGE-col lagen  by tissue macro- 
phages may play a normal  role in the aging process [7, 10]. 
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