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Glucose irreversibly modifies long-lived macromolecules by forming AGEs as a
function of glucose concentration and time. AGEs cause qualitative and quantitative
changes in extracellular matrix components such as type IV collagen, laminin, and
vitronectin. These AGE-induced changes can affect cell adhesion, growth, and matrix
accumulation. AGE-modified proteins also alter cell function by interacting with
specific receptors on macrophages and endothelial cells, inducing changes that
promote matrix overproduction, focal thrombosis, and vasoconstriction. DNA and
nuclear proteins also may be targets for AGE damage. The persistence of accumulated
AGEs during periods of normal glucose homeostasis may explain the phenomenon of
hyperglycemic memory. Pharmacological inhibition of in vivo AGE formation by
aminoguanidine prevents or ameliorates diabetic retinopathy, nephropathy, and
neuropathy in animal models. These data suggest that aminoguanidine and other
AGE inhibitors have a potential therapeutic role in the treatment of diabetic patients.

COMPLICATIONS CAN DEVELOP
ANP PROGRESS DURING
POSTHYPERGLYCEMIC
EUGLYCEMIA— Chronic hyperglyce-
mia appears to be the central initiating
factor responsible for the development of
all diabetes-specific complications. The
extent and rate of progression of diabetic
microvascular disease correlate strongly
with both duration and magnitude of
hyperglycemia, although factors such as
genetic determinants of tissue response
to hyperglycemic injury and hyperten-
sion clearly influence the clinical course
(1-3). The epidemiological relationship
between hyperglycemia and non-diabe-

tes-specific macrovascular disease is
complicated by the many other factors
that influence atherogenesis in nondia-
betic individuals. Nevertheless, in the
Framingham Heart Study, a strong inde-
pendent association was found between
hyperglycemia and macrovascular dis-
ease in older women (4), and in the
Gothenberg study, hyperglycemia was
found to be the most important coronary
risk factor in elderly men (4a). Acute
hyperglycemia has been associated with
various reversible biochemical abnormal-
ities, including changes in polyol path-
way activity, an increased rate of de novo
diacylglycerol synthesis and protein ki-
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nase C activation, decreased cellular up-
take of myo-inositol, which leads to re-
duced Na/K-APase activity, and impaired
endothelium-dependent arterial relax-
ation (5). These reversible abnormalities
and others yet to be discovered all may
play a role in the pathogenesis of com-
plications, but they cannot account for a
major characteristic of diabetic compli-
cations—hyperglycemic memory.

Hyperglycemic memory refers to
the persistence or progression of hyper-
glycemia-induced microvascular alter-
ations during subsequent periods of nor-
mal glucose homeostasis. The most
striking example of this phenomenon is
the development of severe retinopathy in
histologically normal eyes of diabetic
dogs that occurred entirely during a
2.5-yr period of normalized blood glu-
cose that followed 2.5 yr of hyperglyce-
mia (6). Similarly, when euglycemia is
restored by islet transplant after 16 wk of
diabetes, retinopathy still develops over
the following months in rats (H.P.
Hammes, unpublished observations).
Hyperglycemia-induced increases in se-
lected matrix gene transcription also per-
sist for weeks after restoration of normo-
glycemia in vivo, and a less pronounced
but qualitatively similar prolongation of
hyperglycemia-induced increases in se-
lected matrix gene transcription occurs
in cultured endothelial cells (7). To-
gether, these observations imply that hy-
perglycemia induces prolonged and
sometimes irreversible changes in long-
lived molecules that persist and cause
continued pathological function in the
absence of continued hyperglycemia.

HYPERGLYCEMIA
PERMANENTLY ALTERS TISSUE
MACROMOLECULES THROUGH
ACCELERATED AGE
FORMATION— In chemical terms,
pathogenic changes induced by anteced-
ent hyperglycemia imply that glucose or
glucose-derived metabolites irreversibly
modify long-lived extracellular and/or
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Figure 1—Formation ofAGEsfrom glucose. Reversible early products can give rise to irreversible

advanced products through generation of highly reactive carbonyl compounds such as 3-deoxy-D-

glucosone. AGE formation in vivo may be retarded by the action ofreductase enzymes.

intracellular macromolecules. The most
well-characterized and best understood
example of such irreversible modifica-
tion by sugars is the formation and ac-
cumulation of AGEs (8). The formation
of irreversible AGEs begins with the non-
enzymatic formation of reversible early
glycation products (Fig. 1). These prod-
ucts form from the condensation of a
sugar aldehyde or ketone with a free
amino group via nucleophilic addition,
resulting first in the rapid formation of a
Schiff base. With glucose and epsilon-
amino groups of Lys residues, equilib-
rium is reached in a matter of hours at a
steady-state level that is proportional to
ambient glucose concentration. Through
acid-base catalysis, these Schiff base ad-
ducts then undergo rearrangement to the
more stable 1-amino-1-deoxy-D-ketose
(Amadori) product. With glucose, equi-
librium is reached over several weeks.
Thus, even on very long-lived proteins,
the total amount of Amadori product is
only proportional to the integrated glu-
cose concentration of the preceding 4
wk. After the relatively brief time neces-
sary to attain equilibrium, measured lev-
els of Amadori products reach a con-
stant steady-state value that does not
increase as a function of time beyond
that point. The Amadori product also is
degraded into various highly reactive
carbonyl compounds, such as 3-de-
oxy-D-glucosone and sugar fragmenta-

tion products that react again with free
amino groups to form various intermedi-
ate and advanced glycation products ( 9 -
14).

AGEs on extracellular macromol-
ecules are exclusively glucose-derived.
Inside cells, AGEs most likely form from
various other more highly reactive gly-
cating sugars as well. The formation of
covalently modified Hb as a function of
the time-integrated extracellular glucose
concentration is the best studied exam-
ple of nonenzymatic glycation inside
cells. In vivo glycation of the enzyme
alcohol dehydrogenase has subsequently
been demonstrated (15). However, glu-
cose has the slowest rate of Schiff base
formation of any sugar found in cells,
because the rate of Schiff base formation
is directly proportional to the percentage
of sugar in the open chain form (16).
Thus the rate for D-fructose is 7.5 times
faster than that for glucose (0.002% open
chain), and the rate for D-ribose (0.05%
open chain) is 16.6 times faster. Most
strikingly, the glycolytic intermediate
glyceraldehyde-3-phosphate (100%
open chain) forms >200 times more gly-
cated protein than do equimolar
amounts of either glucose or fructose
(17). For this reason, the elevated levels
of this compound that occur during hy-
perglycemia (17-20) would modify in-
tracellular amino groups at a rapid rate
compared with glucose.

Non-diabetic Diabetic Non-diabolic
without ESRF with ESRF

Figure 2—Level of AGEs in arterial wall col-

lagen determined by a radioreceptor assay (34).

AGEs arise from a complex series
of dehydrations, rearrangements, and re-
actions that are poorly understood
(21,22). The rate of AGE formation has a
nonlinear dependence on sugar concen-
tration. The rate of formation is approx-
imately second order with respect to the
concentration of glycated amino groups,
suggesting that even modest elevations of
glucose significantly increase AGE accu-
mulation (23). Some evidence suggests
that AGE formation may be increased
markedly by various oxidative processes
(24,25).

The chemical structures of sev-
eral AGEs have been elucidated (14,25-
27), but these compounds do not appear
to comprise the major fraction of AGEs
found in vivo. Studies with antibodies to
AGEs suggest that immunologically sim-
ilar structures form from the incubation
of different sugars with different proteins.
None of the known AGEs compete for
binding to the AGE antibodies (28-31).

AGE formation in vivo may be
retarded by the action of reductase en-
zymes (Fig. 1) that reduce compounds
such as 3-deoxy-D-glucosone to less re-
active ones (e.g., 3-deoxy-D-fructose).
Indirect evidence supporting this con-
cept comes from measurements indicat-
ing that several milligrams of 3-deoxy-D-
glucosone are formed in the body each
day and detoxified by reduction to
3-deoxy-D-fructose (32). Recently, a can-
didate reductase from liver has been
characterized, cloned, and sequenced
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(N. Taniguchi, unpublished observa-
tions).

Because AGEs are irreversibly at-
tached to macromolecules, the level of
AGEs does not decline when hyperglyce-
mia is corrected. Instead, these products
continue to accumulate at varying rates
over the lifetime of the diabetic tissue
component. This relationship with time
has been demonstrated in tissues from
normal, nondiabetic individuals by using
both AGE-specific fluorescence and
AGE-specific antibodies (28,33). In dia-
betic arterial wall collagen (Fig. 2), the
level of accumulated AGEs is elevated
threefold (34).

AGES CAUSE QUALITATIVE AND
QUANTITATIVE CHANGES IN
EXTRACELLULAR MATRIX— AGE
formation alters the functional properties
of several important matrix components.
AGE formation on type IV collagen de-
creases binding of the noncollagenous
NCI domain to the helix-rich domain,
inhibiting lateral association of these
molecules into a normal networklike
structure. AGE formation on laminin
causes decreased polymer self-assembly,
decreased binding to type IV collagen,
and decreased binding of HSPG (35,36).
Decreased binding of anionic HSPG is
the primary mechanism responsible for
the absence of this component in long-
term diabetic basement membrane (37),
and this defect appears to be attributable
to AGE formation on the HSPG-binding
protein vitronectin (38). The absence of
HSPG is thought to stimulate a compen-
satory overproduction of other matrix
components, possibly through altered
partitioning of growth-regulatory factors
(such as basic fibroblast growth factor
and plasminogen activator inhibitor-1)
between matrix-bound proteoglycans
and cells (39,40).

AGE formation on matrix com-
ponents also may contribute to the evo-
lution of diabetic complications by alter-
ing the normal interactions of specific
matrix ligands with integrinlike recep-
tors on target cells in affected tissues.
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Figure 3—Inhibitory effect of AGE-modified
mesangial matrix (left) and AGE-modified lami-
nin (right) on mesangial cell proliferation and
neurite outgrowth, respectively (42,44).

Modification of the cell-binding domains
of type IV collagen causes decreased en-
dothelial cell adhesion, for example (41),
whereas modification of the neurite-
promoting sequence of laminin inhibits
neurite outgrowth by 55-65% (Fig. 3)
(42-44). AGE modification of mesangial
cell matrix also decreases cell prolifera-
tion by 50% (Fig. 3), while increasing
fibronectin production, perhaps by alter-
ing responsiveness to cytokines such as
TGF-fJ (44-46). These effects, in con-
junction with those mediated by specific
cell-surface receptors for AGEs them-
selves (described below), explain in part
the increased production of basement
membrane material in chronic diabetes.

The progressive occlusion of dia-
betic vessels involves more than the
expansion of extracellular matrix com-
ponents, however. Extraluminal accu-
mulation of plasma proteins also makes a
significant contribution. In vitro and in
vivo experiments indicate that short-
lived plasma proteins, such as LDL and
immunoglobulin G, are chemically
bound by reactive AGE precursors on
matrix proteins (47-53). More extensive
oxidative modification of bound LDL by
vascular cells could accelerate the ath-
erosclerotic process in hyperglycemic pa-
tients. Once immobilized, plasma pro-
teins cross-linked by AGEs then serve as
substrate for additional AGE formation.
Decreased degradation of diabetic base-
ment membrane components, as well as

increased production, contributes to
basement membrane accumulation (54),
and this most likely reflects the reduced
susceptibility of AGE proteins to pro-
tease digestion.

Collagen was the first matrix pro-
tein used to demonstrate unequivocally
that glucose-derived AGEs form cova-
lent, heat-stable, intermolecular bonds
(55,56). Cross-links derived from AGEs
were found throughout the collagen mol-
ecule, in marked contrast to normal
cross-links generated by the enzyme ly-
syl oxidase, which occur only on two
peptides at the NH2- and COOH-termi-
nal ends of the molecule. The degree of
AGE-derived cross-link formation was
unchanged after selective enzymatic re-
moval of lysyl oxidase-generated cross-
links. Glomerular basement membrane
glycated in vitro is similarly more resis-
tant to digestion by pepsin, papain, tryp-
sin, and endogenous glomerular pro-
teases than is normal basement
membrane (57).

Matrix accumulation of AGEs
may accelerate diabetic vascular occlu-
sion further by blunting the effect of va-
sodilatory and antiproliferative factors.
The endothelium-derived relaxing factor
and antiproliferative factor nitric oxide is
quenched by AGEs in a dose-dependent
fashion. In diabetic animals, defects in
the vasodilatory response to nitric oxide
correlate with the level of accumulated
AGEs and are prevented by inhibition of
AGE formation (58). In cell culture,
AGEs block the cytostatic effect of nitric
oxide on aortic smooth muscle cells and
mesangial cells (58A.)

AGE PROTEINS ALTER CELLULAR
FUNCTION BY INTERACTING
WITH SPECIFIC RECEPTORS —
AGE formation on extracellular matrix
components appears to affect target tis-
sue function adversely by altering two
types of receptor-mediated interactions
with cells. One type of altered interaction
(described above) involves the family of
cell receptors that binds matrix peptide
ligands. The other type of altered inter-

DIABETES CARE, VOLUME 15, NUMBER 12, DECEMBER 1992 1837

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/15/12/1835/440697/15-12-1835.pdf by guest on 23 June 2025



Glycation products and diabetic complications

AGE-protein

1 I
Macrophage
AGE-receptor

TNF, IL-1, IGF-1
Production

Proliferation of
Cells and Matrix

Endothelial
Cell AGE-receptor

•*•

Endothelin-1, Tissue
Factor Production

Vasoconstriction,
Focal Thrombosis

Figure 4—Schematic of the mechanisms by
which AGE-protein binding to specific receptors
on macrophages and endothelial cells may cause
pathological changes in diabetic vessels.

action of AGE matrix with cells involves
specific cell receptors for a common
structural element in AGEs.

This high-affinity receptor was
first identified on monocytes and macro-
phages (59), which are critical cells in
the development of atherosclerotic
plaques. There are 1.5 X 105 macroph-
age receptors for AGE-modified proteins
per cell, with a binding affinity of
1.75 X 107 M"1. This receptor has a
unique biological significance because it
is the first receptor that recognizes a
posttranslational protein modification
known to occur extensively in vivo.
When macrophages interact with AGE-
modified proteins (Fig. 4), they secrete
tumor necrosis factor-a, interleukin-1,
and insulinlike growth factor-I in con-
centrations that have been shown to
stimulate glomerular synthesis of type IV
collagen and proliferation of endothelial,
mesangial, and smooth muscle cells
(60,61).

A 90,000-Mr AGE-binding pro-
tein has been purified from the murine
cell line RAW 264.7 (62), and more re-
cently, two novel and distinct AGE-
binding proteins were isolated from rat
liver. Both the 60,000- and 90,000-Mr

proteins are present on rat monocyte/
macrophages, and antisera to either pro-
tein blocks AGE binding to macrophages
(63). AGE receptors have been identified
on glomerular mesangial cells by using
antisera against these two proteins, and

interaction with AGE proteins increases
PDGF-mediated mesangial cell produc-
tion of type IV collagen, laminin, and
HSPG (45,64).

Endothelial cells also express
AGE-specific receptors. Ligand binding
to this receptor on macrovascular endo-
thelial cells induces two additive proco-
agulatory changes in the endothelial sur-
face (65). First, tissue factor activity
increases (Fig. 4), which activates coag-
ulation factors IX and X through factor
Vila binding. At the same time, a rapid
reduction in thrombomodulin activity
occurs, which prevents activation of the
anticoagulant protein kinase C pathway.
In addition to these procoagulatory
changes, AGE protein binding to the en-
dothelial cell AGE receptor also induces
increased production of the potent vaso-
constrictor peptide endothelin-1 (Fig. 4)
(66). This effect involves the AP-1 DNA-
binding site for transcriptional regulatory
proteins, and perhaps activation of the
transcription factor NF-KB also (P.P.
Nawroth, presented at the Deutschen Di-
abetes-Gesellschaft, Hannover, Ger-
many, May 28-30, 1992). The conse-
quences of these AGE-induced changes
in endothelial function would be exces-
sive vasoconstriction and focal thrombo-
sis (Fig. 4).

Recently, endothelial cell AGE-
binding proteins have been isolated and
characterized (67). Both a 35,000- and
80,000-Mr protein were purified to ho-
mogeneity. The NH2-terminal sequence
of the 80,000-Mr protein was identical to
lactoferrin, whereas the 35,000-Mr pro-
tein was novel. Antibodies to either pro-
tein blocked binding of AGEs, and im-
munoelectron microscopy suggested that
the two proteins were closely associated
on the cell surface. An apparent full-
length 1.5 kb cDNA for the 35,000-Mr

protein has been cloned, which codes for
a protein with a 322 amino acid extra-
cellular domain, a 19-amino acid trans-
membrane domain, and a 43-amino
acid carboxyterminal domain. This en-
dothelial AGE-binding protein appears
to be a new member of the superfamily

of immunoglobulin-related proteins
(68).

DNA AND NUCLEAR PROTEINS
MAY BE TARGETS FOR AGE
DAMAGE— The sustained increase
in matrix component mRNA observed in
tissues and cells transiently exposed to
high glucose concentrations (7,69) may
be a consequence of AGE-induced alter-
ations in DNA and nuclear proteins, as
well as of AGE-induced alterations in ex-
tracellular matrix. Amino groups of both
DNA nucleotides and histones react with
G6P in vitro. The spectral and fluores-
cent properties of AGEs formed on DNA
are similar to those of AGEs on proteins
(70,71). By using class I and class II
apurinic endonuclease digestion, both
modified nucleotide bases and apurinic/
apyrimidinic sites have been detected in
DNA damaged by AGEs (72).

AGE modification of DNA is as-
sociated with mutations and altered gene
expression in prokaryotic model sys-
tems. Glycation of the plasmid pBR322
before transfection into E. coli inactivates
the plasmid's tetracycline-resistance gene
(73). The mutations induced in this gene
appear to arise during attempted enzy-
matic repair of DNA segments that have
been modified by AGEs, because gly-
cated pBR322 functions normally in mu-
tant bacteria that lack the repair enzyme
uvrABC excision nuclease. This ATP-
dependent nuclease hydrolyzes pBR322
DNA modified by AGEs in vitro (E. Mul-
lokandov, W. Franklin, M.B., unpub-
lished observations). Glycation of plas-
mid DNA after transfection also causes
mutations and gene inactivation (74).
When pAM006 is transfected into E. coli
mutants that accumulate G6P, inactiva-
tion of the plasmid's (3-galactosidase
gene is proportional to the concentration
of glycating sugar.

A similar phenomenon may oc-
cur in eukaryotic cells. When human en-
dothelial cells are cultured in 30 mM
glucose, increases in single-strand breaks
and in DNA repair synthesis occur (75).
Increased single-strand breaks in DNA
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Figure 5—Structure of aminoguanidine, an
inhibitor of AGE formation.

also occur in lymphocytes from chroni-
cally hyperglycemic diabetic patients.

PHARMACOLOGICAL
INHIBITION OF AGE
FORMATION PREVENTS
DIABETIC COMPLICATIONS IN
ANIMAL MODELS— To test the hy-
pothesis that AGE formation and its con-
sequences play an important role in the
pathogenesis of diabetic complications in
vivo, pharmacological agents that inhibit
AGE formation were sought (55). The
prototype inhibitor selected was the nu-
cleophilic hydrazine aminoguanidine
(Fig. 5). This compound effectively in-
hibits AGE formation in vitro, preventing
AGE-induced cross-links in collagen,
structural alterations in laminin, and
AGE matrix-induced defects in mesan-
gial cell proliferation (36,44,55). Ami-
noguanidine inhibits AGE formation pri-
marily by reacting with Amadori- derived
products such as 3-deoxy-D-glucosone
in solution, rather than forming adducts
with peptide-bound early glycation
products (76). Importantly, aminoguani-
dine does not interfere with the forma-
tion of normal, lysyl oxidase-derived col-

200-,

1 5 0 -

i 100—

= 50-

Non-Diabetic Diabetic Diabetic +
Aminoguanidine

Non-Diabetic Diabetic Diabetic +
Aminoguanidine

* P < 0.01 vs Control
t P < 0.07 vs. Diabetic

Figure 6—Effect of aminoguanidine, an inhibitor of AGE formation, on pathognomonic structural
abnormalities of long-term diabetes in retina (A) and glomerulus (B) (78,79).

lagen cross-links, as determined both
indirectly (55) and by direct quantitation
of the lysyl oxidase-dependent cross-link
products hydroxylysinonorleucine and
dihydroxylysinonorleucine (77).

In vivo, the effect of aminoguani-
dine on diabetic complications has been
examined in retina, renal glomerulus,
and peripheral nerve, using animal mod-
els (Table 1). In the diabetic retina, ami-
noguanidine treatment for 26 wk pre-
vented a 2.6-fold accumulation of AGEs
at sites of PAS-positive protein accumu-
lation, the branching sites of precapillary
arterioles (78). The effect of this AGE
inhibition was evaluated after 75 wk of
diabetes. Untreated diabetic animals de-
veloped the characteristic pathological
features of background diabetic retinop-
athy in humans, saccular capillary mi-

croaneurysms, and an 18.6-fold increase
in the number of acellular capillaries. In
contrast, aminoguanidine-treated dia-
betic animals had no microaneurysms
and an 80% reduction in the number of
acellular capillaries (Fig. 6A). Abnormal
endothelial cell proliferation was pre-
vented completely, and pericyte dropout
was reduced significantly.

Aminoguanidine treatment of di-
abetic animals for 32 wk likewise pre-
vented accumulation of AGEs in the re-
nal glomerulus (79). Untreated diabetic
animals developed the characteristic
structural and functional features of hu-
man diabetic nephropathy, increased
fractional mesangial volume, and albu-
minuria. Increased fractional mesangial
volume is the morphological parameter
that correlates most closely with extent

Table 1—Effects of aminoguanidine treatment on diabetic complications

RETINA KIDNEY NERVE

| INTERCAPILLARY PROTEIN DEPOSITS

I MICROANEURYSMS

I ACELLULAR CAPILLARIES

| URINARY ALBUMIN EXCRETION

I BASEMENT MEMBRANE THICKENING

i MESANGIAL EXPANSION

I AXONAL ATROPHY

t MOTOR NERVE CONDUCTION VELOCITY

t SENSORY NERVE CONDUCTION VELOCITY
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of clinical disease in patients (80,81),
and this abnormality was completely
prevented in diabetic animals by ami-
noguanidine treatment (Figure 6B). Con-
comitantly, a near normalization of the
associated 10-fold increase in urinary al-
bumin excretion occurred in the treated
diabetic group. Aminoguanidine also
ameliorated albuminuria in hypertensive
diabetic rats without affecting blood
pressure (82). In another animal model
of diabetic nephropathy, aminoguani-
dine treatment for 9 mo prevented glo-
merular basement membrane thickening
(83).

Functional and structural abnor-
malities of the diabetic peripheral nerve
also are improved by aminoguanidine
treatment. In one study, a 57% reduction
in diabetic peripheral nerve blood flow
was normalized by 8 wk of aminoguani-
dine treatment (84). Nerve action-poten-
tial amplitude fell progressively with du-
ration of diabetes, reaching 63% of
controls at 24 wk (84). In contrast, ac-
tion-potential amplitude at 24 wk in di-
abetic animals receiving 50 mg/kg ami-
noguanidine was 97% of controls.
Similarly, both sensory and motor nerve
conduction velocities became progres-
sively slower with duration of diabetes in
untreated animals, whereas both were
nearly normal at 24 wk in aminoguani-
dine-treated diabetic animals. In another
study of shorter duration, treatment with
a lower dose of aminoguanidine amelio-
rated axonal atrophy and normalized the
frequency of fibers undergoing myelin
wrinkling and paranodal demyelination
(85).

The prevention of diabetic reti-
nopathy, nephropathy, and neuropathy
by pharmacological inhibition of AGE
formation in animal models suggests that
aminoguanidine and other AGE inhibi-
tors have a potential therapeutic role in
the treatment of diabetic patients. Phase
II/1II clinical studies have been designed
to assess the effects of aminoguanidine
on various end points in different stages
of diabetic nephropathy. Studies such as
these will define the ultimate place of

AGE inhibitors in the treatment of dia-
betic complications.
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