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Kinetics and Mechanism of the Reaction of
Aminoguanidine with the a-Oxoaldehydes Glyoxal,
Methylglyoxal, and 3-Deoxyglucosone under
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ABSTRACT. Aminoguanidine (AG), a prototype agent for the preventive therapy of diabetic complications,
reacts with the physiological a-oxoaldehydes glyoxal, methylglyoxal, and 3-deoxyglucosone (3-DG) to form
3-amino-1,2,4-triazine derivatives (T) and prevent glycation by these agents in vitro and in vivo. The reaction
kinetics of these a-oxoaldehydes with AG under physiological conditions pH 7.4 and 37° was investigated. The
rate of reaction of AG with glyoxal was first order with respect to both reactants; the rate constant k,  was
0.892 + 0.037 M~ ! sec™!. The kinetics of the reaction of AG with 3-DG were more complex: the rate equation
was d[T],/dt (initial rate of T formation) = [3-DG](k oG 5.pG[AG] + k3 pg), where ko 5. pg = (3.23 + 0.25) X
1072 M P sec™ and ks pg = (1.73 = 0.08) X 107 sec”'. The kinetics of the reaction of AG with
methylglyoxal were consistent with the reaction of both unhydrated (MG) and monohydrate (MG-H,O) forms.
The rate equation was d[T] /dt = {k ks mc/ (k=1 + kacmclAGD + kac mc 11,0 IMG-H,Ol[AG], where the
rate constant for the reaction of AG with MG, kag e, was 178 = 15 M ™' sec™ ! and for the reaction of AG
with MG-H,0, kac mc .m0 was 0.102 = 0.001 M™! sec™'; k; and k_, are the forward and reverse rate
constants for methylglyoxal dehydration MG-H,O = MG. The kinetics of these reactions were not influenced
by ionic strength, but the reaction of AG with glyoxal and with methylglyoxal under MG-H,O dehydration
rate-limited conditions increased with increasing phosphate buffer concentration. Kinetic modelling indicated
that the rapid reaction of AG with the MG perturbed the MG/MG-H,O equilibrium, and the ratio of the
isomeric triazine products varied with initial reactant concentration. AG is kinetically competent to scavenge
the a-oxoaldehydes studied and decrease related advanced glycated endproduct (AGE) formation in vivo. This
effect is limited, however, by the rapid renal elimination of AG. Decreased AGE formation is implicated in the
prevention of microvascular complications of diabetes by AG.  BIOCHEM PHARMACOL 60;1:55-65, 2000. © 2000
Elsevier Science Inc.
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AGEsf are stable end-stage adducts formed by the glycation
of proteins, nucleotides, and phospholipids. They are
formed in physiological systems by glycation reactions of
glucose and physiological «-oxoaldehydes, particularly
glyoxal, methylglyoxal, and 3-DG with amino and gua-
nidino groups [1]. Lysine, arginine, and N-terminal residues
of proteins, guanyl bases of nucleotides, and phosphati-
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dylethanolamine and phosphatidylserine are sites of glyca-
tion in vivo. The formation of AGEs in vivo has been linked
to the development of disease, the chronic clinical compli-
cations associated with diabetes mellitus (retinopathy, neu-
ropathy, and nephropathy), cataract, macrovascular dis-
ease, kidney failure, and Alzheimer’s disease [2—6]. Phar-
macological intervention to scavenge these a,B-dicarbonyl
compounds is likely to be an effective strategy to inhibit the
formation of AGEs and prevent AGE-mediated processes
linked to disease. A lead compound of this type, AG, also
known as Pimagedine, is currently under clinical evalua-
tion. AG reacts with glyoxal, methylglyoxal, 3-DG and
a,B-dicarbonyl moieties of glycated proteins to form 3-ami-
no-1,2,4-triazine derivatives [7-9] (Fig. 1). It may thereby
prevent the formation of AGEs. Despite the demonstrable
inhibition of AGE formation by AG in witro and in vivo [7,
10, 11], where 3-amino-1,2,4-triazine derivatives derived
from glyoxal (I), methylglyoxal (II and III), and 3-DG (IV
and V) were recently detected [12], little quantitative
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FIG. 1. The reaction of AG with glyoxal, methylglyoxal,

kinetic data on the reactivity of AG with these a-oxoal-
dehydes are available. Moreover, we suspected that the
kinetics of the reaction of methylglyoxal with AG were
more complex than initially reported [7] because of the
unexpected formation of the two isomeric triazine products,
3,5-T (II) and 3,6-T (III), in approximately equal amounts
(see below).

We present herein a study of the kinetics of reaction of
glyoxal, methylglyoxal, and 3-DG under physiological con-
ditions and associated kinetic modelling of 3,5-T and 3,6-T
formation from the reaction of AG with methylglyoxal.

MATERIALS AND METHODS
Materials

Glyoxal (40% aqueous solution), AG hydrochloride, and
3-amino-1,2,4-triazine were purchased from Sigma. Meth-
ylglyoxal was prepared by acid hydrolysis of methylglyoxal
dimethyl acetal, purified by fractional distillation under
reduced pressure as described previously [13]. 3-DG was
prepared and purified as described [14].
3-Amino-1,2,4-triazine derivatives were prepared by in-
cubating glyoxal, methylglyoxal, and 3-DG (20 mM) with
20 mM AG hydrochloride in 50 mM sodium phosphate
buffer in D,O, pD 7.4 and 37°, until the reaction had gone
to >90% of completion. '"H NMR (270 MHz; D,O, with
chemical shift standard 3-(trimethylsilyl)-1-propane sul-
phonic acid, sodium salt DSS) gave chemical shift &y

R N
Z SN
/L (VII)
X
R' N NH;

3-deoxyglucosone, and «,B-dicarbonyl compounds.

(ppm) and coupling constant ], (Hz) values as follows.
3-Amino-1,2,4-triazine: 8.36 (1H, d, J54 2.0, 5-H), 8.59
(1H, d, Js¢ 2.0, 6-H); 3,5-T (41%): 2.41 (3H, s, 5-Me),
8.50 (1H, s, 5-H); and 3,6-T (59%) 8.31 (1H, s, 5-H), 2.46
(3H, s, 6-Me). 3-Amino-5-(2,3,4-trihydroxybutyl)-1,2,4-
triazine (42%): 8.54 (1H, s, 6-H), 4.04 (1H, m, J;o 1p —
6.0, H-14), 3.91 (1H, m, J;o- 13 — 6.0, H-1}), 3.66 (1H,
m, H-2"), 3.79 (1H, dd, J5 4a- 6.8, J5 45 4.0, H-3"), 3.67
(1H, dd, J4ar 4 — 6.4, J5 55 2.4, H-4p), 3.61 (1H, dd, —
Janrap 6.4, J4ar 5 44, H-44); and 3-amino-6-(2,3,4-trihy-
droxybutyl)-1,2,4-triazine (58%): 8.33 (1H, s, 5-H), 4.04
(IH, m, Jya 15 — 6.0, H-15), 3.91 (1H, m, Jyar 1 — 6.0,
H-14), 3.66 (1H, m, H-2"), 3.79 (1H, dd, I 4p- 6.8, I 45
4.0, H-3), 3.67 (1H, dd, Jynran — 6.4, Iy 5 2.4, HoAD),
3.61 (1H, dd, J4ar4n — 64, Jsars 44, H-44). The
percentages of triazine isomer formed were deduced from
measurement of the 5 and 6 proton integrals in the 'H
NMR spectra.

Kinetics of the Scavenging of Physiological
a-Oxoaldehydes by AG

The reaction of glyoxal with AG in 50 mM sodium
phosphate buffer, pH 7.4 and 37°, was followed by moni-
toring the absorbance of the triazine product, 3-amino-
1,2,4-triazine, at 320 nm; the extinction coefficient €5,5 =
2319 =27 M ' em ! (slit width = 1, N = 20). Initial rate



Scavenging of a-Oxoaldehydes by AG

measurements were made at constant initial glyoxal con-
centration (0.05, 0.10, 0.20, 0.50, and 1.00 mM) with
0.1-1.5 mM AG (Fig. 3a), and constant initial AG con-
centration (0.10, 0.20, 0.35, 0.50, 1.00, and 1.50 mM) with
0.05-1.00 mM glyoxal (Fig. 3b) in quadruplicate. The
reaction of 3-DG with AG in 50 mM sodium phosphate
buffer pH 7.4 and 37° was followed by monitoring the
absorbance of the triazine products (3-amino-5-(2,3,4-
trihydroxybutyl)-1,2,4-triazine and 3-amino-6-(2,3,4-trihy-
droxybutyl)-1,2,4-triazine combined) at 317 nm; the ex-
tinction coefficients €;;, were 3360 M~ ! cm™! and 3130
Mt em ™! respectively [8]. Initial rate measurements were
made at constant initial 3-DG concentration (0.50, 1.00,
1.50, 2.00, and 2.50 mM) with 2-20 mM AG (Fig. 3c), and
constant initial AG concentration (2, 5, 10, 15, and 20
mM) with 0.5-2.50 mM 3-DG (Fig. 3d). The reaction of
methylglyoxal with AG in 50 mM sodium phosphate buffer
pH 7.4 and 37° was followed by monitoring the absorbance
of the triazine products (3-amino-5-methyl-1,2,4-triazine
and 3-amino-6-methyl-1,2,4-triazine combined) at 320 nm.
The extinction coefficients of the isomeric triazines were
not significantly different: the mean extinction coefficient
for 5-/6-methyl-3-amino-1,2,4-triazine €55 in 50 mM so-
dium phosphate, pH 7.4 and 37°, was 2411 + 9M ' cm ™!
[7]. Initial rate measurements were made at constant initial
methylglyoxal concentration (0.05, 0.10, 0.20, 0.50, and
1.00 mM) with 0.05-3.50 mM AG (Fig. 3e), and constant
initial AG concentration (0.10, 0.20, 0.35, 0.50, 1.00, 1.50,
2.00, 2.50, 3.00, and 3.50 mM) with 0.05-1.00 mM
methylglyoxal (Fig. 3f) in quadruplicate. This is the total
methylglyoxal concentration [MGr,,] where MGy, ] =
MG] + [MG-H,O] + [MG-(H,0),]. The effect of the
ionic strength on the rate of reaction of AG with the
a-oxoaldehydes was studied in the ionic strength range
111-222 mM, and the effect of phosphate buffer concen-
tration (10-100 mM) was investigated.

Kinetic Modelling

Kinetic modelling was performed for the reaction of 1.0
mM methylglyoxal with 0.2-1.0 mM AG in 200-pM
increments. The ratio of the two triazine isomers formed at
end point for equimolar AG with methylglyoxal was mod-
elled in the range of 100 wM to 100 mM reactants. The rate
expressions deduced for the reaction of a-oxoaldehydes
with AG were used to deduce initial rates of reaction of 100

nM a-oxoaldehyde with 10-50 uM AG.

Data Analysis

Linear regression and non-linear regression were performed
using the ENZFITTER program (Biosoft). Kinetic model-
ling was performed using the Gepasi 3 kinetic program [15].
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RESULTS

Spectrophotometric Study of the Formation of 3-Amino-
1,2,4-triazine Derivatives by the Reaction of AG with
a-Oxoaldehydes

When glyoxal, methylglyoxal, and 3-DG reacted with AG
in 50 mM sodium phosphate buffer, pH 7.4 and 37°, there
was a increase in UV absorbance at ca. 225 and 320 nm.
This was characteristic of the formation of the 3-amino-
1,2,4-triazine products [7, 8]. The rate of reaction was much
slower with 3-DG compared to that of glyoxal and meth-
ylglyoxal. To view the reaction progress, therefore, UV
spectra were recorded at 1800-sec (30-min) intervals over
21,600 sec (6 hr) for 50 puM a-oxoaldehyde with 200 uM
AG (for glyoxal and methylglyoxal) and 20 mM AG (for
3-DG) (Fig. 2). The 100-fold increase in AG in the
reaction of 3-DG still did not increase the rate of reaction
sufficiently to take it to completion in the time period
studied.

The triazine products of the reaction of glyoxal, methyl-
glyoxal, and 3-DG with AG were also analysed by 'H NMR
spectroscopy. The characteristics of the triazine products
were similar to those reported previously [7, 8, 16]. For the
methylglyoxal reaction, the ratio of the 5-/6-methyl isomers
was 41:59, and for the 3-DG reaction, the ratio of the
5-16-(2,3,4-trihydroxybutyl) isomers was 42:58. No evi-
dence of formation of bis(guanylhydrazone) adducts was
found. The formation of these predominates at low pH [17]
(data not shown).

Reaction Kinetics of the Scavenging of Glyoxal,
Methylglyoxal, and 3-DG by AG under Physiological

Concentrations

The rate of the reaction of glyoxal with AG under physi-
ological conditions, pH 7.4 and 37°, determined as the
initial rate of formation of 3-amino-1,2,4-triazine, d[T], /dt,
was first order with respect to glyoxal and AG (Fig. 3, a and
b). The plot of d[T] /dt against initial glyoxal concentra-
tion curved slightly at 0.2-1.0 mM glyoxal, suggesting that
extrapolation to higher glyoxal concentrations than studied
herein would approach a limiting value of d[T]./dt. The
rate expression was d[T] /dt = kg  [Glyoxal][AG], where
the rate constant kxg = 0.892 * 0.037 M ' sec™' (N =
11). The rate of reaction was not affected by ionic strength.
It was increased, however, by increasing the concentration
of phosphate buffer. Regression of the rate V (Msec™ ') on
phosphate buffer concentration [Phosphate] (M), nor-
malised to the extrapolated rate at zero phosphate concen-
tration Vpy, gave: V.= Vpy {1 + (6.6 £ 0.2) X [Phos-
phate]}; (r = 0.97, P < 0.001, N = 20) (data not shown).
The value of kg for physiological phosphate concentra-
tion (4 mM, in blood plasma) was 0.688 + 0.029 M~!
sec L.

The rate of reaction of 3-DG with AG under physiolog-
ical conditions, pH 7.4 and 37°, was first order with respect
to 3-DG and had kinetic components first and zeroth order
with respect to AG (Fig. 3, ¢ and d). The rate expression
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FIG. 2. Spectrophotometric study of the reaction of a-oxoalde-
hydes with AG. Key: (a) glyoxal; (b) methylglyoxal; (c) 3-DG.
In the inset is given the concentration time—course of the
triazine product formation. @-Oxoaldehyde (50 pM) was incu-
bated with 200 puM AG (except 20 mM AG for 3-DG) in 50
mM sodium phosphate buffer, pH 7.4 and 37°. UV absorbance
spectra were recorded at 30-min intervals over 6 hr. AU,
absorbance units.

was d[T],/dt = [3-DGl(k s 5.06IAG] + k;.pg), where the
rate constant values were kyg pg = (3.23 = 0.25) X 107°
M !sec tand ks p = (1.73 + 0.08) X 10 7 sec ' (N =
11). The rate was not affected by ionic strength nor by
phosphate buffer concentration.

The reaction of methylglyoxal with AG was first order
with respect to [MGl,,, but first order with respect to AG
only at low AG concentration, approaching zeroth order at
high AG concentration (Fig. 3, e and f). This could be
explained by routes of triazine formation: one from MG and
one from MG-H,O. The kinetic model for this is:

P. J. Thornalley et al.

ki kacmclAGI
MG-H,0 = MG —— Triazine
koy

\L kAG,MCszO [AG]

Triazine

The rate of the reaction was determined as the rate of
triazine formation d[T]/dt. Assuming the principle of sta-
tionary states for MG, it can be shown that d[T]/dt =
kikagmal (k-1 + kagmclAG] + kagmcm,olMG-
H,Ol[AG]. When k_; << kagmclAGI, that is at low
concentrations of AG, d[Tl/dt ~ (kiksgmclk—1 +
kacma-11,0)IMG-H,Ol[AG]. When k_; << kg mclAGI,
i.e. at high AG concentrations, d[T]/dt = (k;, +
kacmc-1,0lAGDIMG-H,0]. We assume here that MG-
H,O remains in equilibrium with MG-(H,0), where
Kye-,0)mG1,0 = MG — H,OlIMG — (H,0),] =
2.41 [18]. Under initial rate conditions at constant
[MGr,J, and high varying [AG],, the slope of the plot of
d[T]/dt versus [AG], is mpguac = kacmcn,o IMG-HOl,.
Knowing [MG-H,0],, the value of kg mc.11,0, the rate
constant for the reaction of AG with MG-H,O was
therefore determined: kg mc.1,0 = 0.102 = 0.001 M™!
sec ' (N = 5). The kacmc-1,0lAGIIMG-H,O] compo-
nent of the observed initial rates was then subtracted such
that (d[T1/dt), correccea = k1IMG-H,Ol. Hence, the rate
constant for the dehydration of MG-H,O, k,, was deter-
mined: k; = (7.98 + 0.12) X 10~ *sec”! (N = 5). The
equilibrium constant for the MG-H,O/MG equilibrium was
taken from the literature, Ky omc = 0.019 [19], and
the rate constant for the hydration of MG was deduced:
k_, = 0.042 = 0.001 sec”'. These values were then used
to fit initial rate data at constant [MG-H,0],, varying
[AG],, by non-linear regression to solve for the rate
constant for the reaction of AG with MG, kagus, =
178 = 15M 'sec ! (N = 5). The overall rate constant for
the reaction of AG with methylglyoxal (unhydrated and
monohydrate forms at equilibrium), kg i, , was 2.58 =
0.17 M~ !'sec™ (N = 5). There was increased deviation of
the experimental data from the kinetic model with increase
of methylglyoxal concentration.

The rate of reaction of methylglyoxal with AG was not
affected by change in ionic strength nor by phosphate
buffer under conditions where the dehydration of methyl-
glyoxal was not rate-limiting. When the dehydration of
methylglyoxal was rate-limiting, however, the rate of reac-
tion increased significantly with increasing phosphate
buffer concentration. Regression of the rate V (Msec ') on
phosphate buffer concentration [Phosphate] (M), nor-
malised to the extrapolated rate at zero phosphate concen-
tration Vp,, gave: V. = Vpo{l + (4.0 £ 0.3) X [Phos-
phate]}; (r = 0.948, P < 0.001, N = 20) (data not
shown).
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FIG. 3. Initial rate study of the reaction of a-oxoaldehydes with AG. Key: reaction with glyoxal (a and b), methylglyoxal (c and d),
and 3-DG (e and f). The initial rate of triazine product formation d[T]_/dt was determined for constant [e-oxoaldehyde] with varying
[AG] (left panels) and vice versa (right panels). Inset in (c) is the dependence of the intercept at [AG] = 0 on 3-DG concentration.
Conditions are given in the Methods section. Data were fitted to linear regression equations except in (b), where data points were joined
by linear interpolation, and in (e), where data were fitted to the equation d[T]/dt = {k;kxgmc/(k_1 + kacmc[AG]) +
kac,mc.1,0IMG-H,0l[AG] solving for kg - Data for a, b, e, and f are means = SD (N = 4).

DISCUSSION

The kinetics of the reaction of a-oxoaldehydes with AG
are complicated by interaction with unhydrated, monohy-
drate, and (where applicable) hemiacetal forms of the
a-oxoaldehyde (Fig. 4). The hydrazino group of AG is the
most reactive group of AG with a-oxoaldehydes. The
interaction of the hydrazino group with the free aldehyde

form of a-oxoaldehydes forms an initial aldimino adduct
(Fig. 4, VIIIa and VIIIb) that cyclises to form the 5-alkyl-
substituted 3-amino-1,2,4-triazine derivative. The interac-
tion of the hydrazino group with the monohydrate and/or
hemiacetal of a-oxoaldehydes forms an initial ketimino
adduct (Fig. 4, IXa and IXb) that cyclises to form the
6-alkyl-substituted 3-amino-1,2,4-triazine derivative. The
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FIG. 4. Mechanistic interpretation of the kinetics of reaction of AG with (a) 3-deoxyglucosone and (b) methylglyoxal.

observed reaction kinetics are, therefore, the sum of rate-
limiting steps of these two reaction pathways (except for
glyoxal where there is no keto group).

Glyoxal reacted with AG to form 3-amino-1,2,4-triazine
(I). Glyoxal is highly hydrated in aqueous solution: in the
range of concentrations studied herein, glyoxal exists as ca.
0.005% unhydrated form, ca. 0.5% monohydrate, ca. 1-2%
as dimers, and the remainder dihydrate [20, 21]. The
deviation of d[T] /dt from first-order kinetics at 0.2-1.0

mM glyoxal may be due to the dimerisation of glyoxal. The
rate of formation of 3-amino-1,2,4-triazine was also depen-
dent on phosphate concentration. This may be due to
catalysis of the dehydration of the glycosylamine glyox-
al-AG adduct HCO-CH(OH)-NH-NH-C(=NH)NH,, the
putative initial mechanistic intermediate, by phosphate
dianion HPOZ .

The kinetics of the reaction of 3-DG with AG had a
kinetic component that was independent of AG concen-
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tration. This may be due to slow, rate-limiting ring opening
of the cyclic hemiacetal of 3-DG followed by the rapid
reaction of the hydrazino group of AG with the aldehyde
group of acyclic 3-DG. On dehydration and cyclisation, this
forms 3-amino-5-(2,3,4-trihydroxybutyl)-1,2,4-triazine
(IV). The second-order kinetic component may be due to
the reaction of AG with the cyclic hemiacetal where
interaction of the hydrazino group of AG with the keto
group of cyclic 3-DG is rate-limiting. On dehydration and
cyclisation, this forms 3-amino-6-(2,3,4-trihydroxybutyl)-
1,2,4-triazine (V) (Fig. 4a). This accounts for the formation
of two isomeric 3-amino-1,2,4-triazine products. 3-DG
exists in many cyclic forms in aqueous solution: there are 5
major and at least 6 minor forms [22]. As expected, all
NMR resonances of 3-DG were lost when the reaction with
AG had gone to completion, being replaced by the NMR
spectra of the 5-/6-(2,3,4-trihydroxybutyl)-3-amino-1,2,4-
triazine products [8]. From the above analysis, the rate
constant k5 may be equivalent to the rate of acyclisation
of the hemiacetal of 3-DG. Indeed, a similar kinetic
analysis was found for the reaction of 3-DG with thiol-
containing nucleophiles, which gave a unimolecular ki-
netic component with a similar first-order rate constant
value [23].

The kinetics of the reaction of methylglyoxal with AG
were complex. Despite the previous fit of triazine concen-
tration/time—course data for the reaction of 180 puM
methylglyoxal to 1 mM AG to an integrated second-order
rate equation [7], the initial rate of reaction did not increase
proportionately with increased AG concentration at high
AG concentrations (Fig. 3e). Moreover, under preparative
conditions, methylglyoxal and AG unexpectedly formed
the two triazine isomers, 3,5-T (II) and 3,6-T (III), in the
ratio of ca. 1:1. Methylglyoxal exists in aqueous solution in
three major forms: MG, MG-H,0O, and MG-(H,0O),. These
forms are in dynamic equilibrium in the approximate ratio
of 1:71:28. MG is more reactive than MG-H,O, but the
latter is present at much higher equilibrium concentration
(Fig. 4b). As a consequence of the high reactivity of AG
with MG, the prior dehydration of MG-H,O to MG
becomes rate-limiting at high AG concentration, and there
is a kinetic component zeroth order with respect to AG in
the overall reaction kinetics. Under these conditions, the
rate increased with increasing concentration of phosphate
buffer. This may be due to catalysis of the dehydration of
MG-H,0O by phosphate dianion HPO; .

Given the complexity of the kinetics of the reaction of
methylglyoxal with AG, the reaction kinetics were mod-
elled, including the prediction of discrete formation of the
isomeric triazine products. Time—course changes in the
concentrations of MG, MG-H,O, MG-(H,0),, AG, 3,5-T,
and 3,6-T are given for the reaction of 1.0 mM methylg-
lyoxal with 0.2-1.0 mM AG in 0.2-mM concentration
steps (Fig. 5). The initial concentration of MG was 0.013
mM. MG reacts rapidly with AG and the concentration of
MG falls within the initial 30 sec (Fig. 5a, inset). In
reaction models with residual methylglyoxal, the methylg-
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lyoxal hydration equilibria re-adjust to increase the con-
centration of MG from a minimum value in the initial
3000-6000 sec (Fig. 5a). The concentration of AG de-
creases rapidly in all reaction models (Fig. 5b). The con-
centrations of MG-H,0 and MG-(H,0), decreased pro-
portionately during the reaction progress (Fig. 5, ¢ and d),
and the triazine 3,5-T was formed in ca. 9-fold excess over
3,6-T (Fig. 5, e and f). The formation of 3,5-T and 3,6-T at
completion of the reaction of equimolar methylglyoxal and
AG, scanning over reactant concentration, is given in Fig.
6f, inset. Only at 20 mM methylglyoxal and AG was the
ratio of 3,5-T to 3,6-T concentrations ca. 1:1. These are the
conditions employed in the preparative reaction for 'H
NMR spectroscopy described herein and in our previous
study [7]. This model, therefore, predicted the experimental
triazine isomer ratio. A similar kinetic model could not be
constructed for the reaction of 3-DG with AG because of
lack of kinetic constants on the hydration, cyclisation, and
dimerisation of the a-oxoaldehyde.

The experimental initial rate data for the reaction of
methylglyoxal with AG fitted the kinetic model except
that deviations (i.e. initial rates higher than expected) were
observed at high MGy, and AG concentrations. The
kinetic analysis assumed the principle of stationary states
for [MG], which assumes that d[MG]/dt = 0. From the
kinetic modelling of the reaction of methylglyoxal with
AG, it was predicted that [MG] changes, and this change is
marked (>50%) for high AG concentration (Fig. 5a). The
divergence of experimental data from the model at high
MGy, and AG concentrations may be due to deviation
from the principle of stationary states assumption under
these conditions. Nevertheless, this did provide a model
with reasonable fit to experimental data under other MG,
and AG concentration conditions.

The high reactivity of MG is of interest, since methylg-
lyoxal formed from the degradation of triosephosphates and
glycation reactions in vivo is expected to be formed as MG.
Comparison of the relative rates of reaction of MG with
water to form MG-H,O, with AG to form triazines, and
with cysteinyl residues to form the hemithioacetal in blood
plasma can now be made. The respective rate constants are:
k_p = 0.042 sec” !, kagma 178 M1 sec™! (this work),
and kyg cys = 4.1 X 10* M~! sec™! [24]; the concentra-
tion of cysteinyl thiols in plasma is ca. 500 uM, and a
pharmacologically relevant concentration of AG is ca. 50
M [25]. The relative rates of reaction of MG with water,
AG, and cysteinyl thiols is ca. 1:0.21:488. When formed,
therefore, MG will react rapidly with cysteine thiols of
proteins and glutathione. Most methylglyoxal is detoxified
by enzymatic conversion of the glutathione adduct to
D-lactate by the glyoxalase system [26]. AG (50 uM) will
not compete effectively with water for MG formed upon
fragmentation of the hemithioacetal. Some studies have
used much higher concentrations of AG (1-100 mM) [27,
28]. In these works, the ‘nascent’” MG may have been
preferentially scavenged by AG. The high reactivity of
a-oxoaldehydes when generated as unhydrated forms in
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FIG. 5. Kinetic modelling of the reaction of methylglyoxal (1 mM) with 0.2-1.0 mM AG in 0.2-mM increments. Key: (a) MG, inset
is a time-scale expansion of the initial 3 min of reaction; (b) AG; (c) MG-H,0; (d) MG-(H,0),; (e) 3,5-T; and (f) 3,6-T, inset is
the concentrations of 3,5-T and 3,6-T at reaction completion from equimolar mixtures of reactants as a function of reactant

concentration.

situ, “nascent a-oxoaldehydes,” was noted in the inactiva-
tion of aldolase by hydroxypyruvaldehyde [29]. Similar
arguments apply to the formation of glyoxal and 3-DG.

It would be instructive to model the kinetics of the
scavenging of a-oxoaldehydes by AG at physiologically and
pharmacologically relevant concentrations. A typical esti-
mate of the concentration of glyoxal, methylglyoxal, and
3-DG in blood plasma of normal healthy human subjects is

ca. 100 nM. This is increased 1- to 2-fold in diabetic
subjects [30, 31]. A pharmacologically relevant range of
AG concentration is 10-50 uM [25]. The rates of reaction
of 10-50 pM AG with 100 nM glyoxal, methylglyoxal, and
3-DG were computed from the rate expressions given above
(Fig. 6): this involves extrapolation to lower concentrations
of a-oxoaldehydes than used in this study. The rate of
reaction of AG with glyoxal and methylglyoxal increased
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FIG. 6. Predicted rates of reaction of 10-50 pM AG with 100
nM «-oxoaldehyde under physiological conditions.

proportionately with AG concentration, whereas the rate
of reaction of AG with 3-DG did not because the [AG]-
independent kinetic pathway dominated under these con-
ditions. It is likely, however, that as the AG concentration
decreases, this reaction pathway will also become first order
with respect to AG. Under physiological conditions, the
reaction of methylglyoxal with AG proceeds mainly (96%)
via the reaction pathway: MG + AG — 3,6-T.

AG also reacts with a,B-dicarbonyl compounds formed
from the degradation of fructosamines in glucose-modified
proteins [9]. In a recent study, we determined the concen-
tration of a,B-dicarbonyls in AGE-modified proteins pre-
pared in vitro by studying the reaction of [*CJAG with
AGE-HSA [32]. From the initial rate of binding of
["C]JAG to AGE-HSA and the concentration of o,pB-
dicarbonyls in AGE-HSA (determined from the extent of
modification of AGE-HSA by [**C]AG at end point), an
estimate of the rate constant for the reaction of AG with
a,B-dicarbonyl compounds in glycated proteins, ks qp.-
dicarbonyls, was obtained: kG o gdicarbonyls =~ 1.0 £ 0.1 M~
sec ! (N = 4). This is similar to the overall rate constants
for the reaction of glyoxal and methylglyoxal with AG. An
estimate of a,B-dicarbonyl concentration in plasma protein
in vivo was ca. 0.5-1.0 uM [32]. It is expected, therefore,
that AG reacts with «,B-dicarbonyl compounds of glycated
proteins and a-oxoaldehydes at similar rates in wivo, and
scavenging of both may be involved in its mechanism of
action (Fig. 1). Recent analysis of AG adducts in the
plasma of normal, healthy control and diabetic rats found
the triazine adducts of methylglyoxal and 3-DG. The
concentrations of the triazine adducts were increased ca.
10-fold in streptozotocin-induced diabetic rats [12]. We
have attempted to model the in vivo effect of aminoguani-
dine on the plasma concentrations of glyoxal and methyl-
glyoxal and the concentration of associated AGEs, using
best estimates of fluxes of formation and glyoxalase system-
dependent detoxification of these a-oxoaldehydes, and a

plasma half-life of AG of 1.4 hr [25, 26, 33-35]. The models
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predict that AG decreases plasma a-oxoaldehyde concen-
trations and corresponding AGE formation, but levels
remain above those of the normal healthy control. This
effect rapidly decreases as AG is excreted, mostly (>95%)
in the unmodified form (data not shown).

Glyoxal, methylglyoxal, and 3-DG are important physi-
ological a-oxoaldehydes involved in the formation of
AGEs. Glyoxal is formed by the degradation of glucose,
glucose-modified proteins, and lipid peroxidation. Methyl-
glyoxal is formed mainly by the fragmentation of triose-
phosphates, but also by the catabolism of ketone bodies and
threonine and the degradation of glucose-modified pro-
teins. 3-DG is formed by the fragmentation of fructose-3-
phosphate and the degradation of glucose-modified proteins
(reviewed in Ref. [1]). By intercepting these and other
a,B-dicarbonyl metabolites, AG may delay the develop-
ment of AGE-related pathogenesis. AG was also a potent
reversible inhibitor of inducible nitric oxide synthase; the k;
value was ca. 10 uM [36]. It was also found to react with
malondialdehyde, but from the published data [37] (assum-
ing first-order dependency of AG and malondialdehyde),
the rate constant value deduced is ca. 5000 times lower
than that for the reaction with glyoxal, methylglyoxal, and
a,B-dicarbonyl compounds. AG was found to have antiox-
idant activity and to inhibit hydrogen peroxide-induced
apoptosis [38]. AG scavenges a-oxoaldehydes and may
thereby prevent a-oxoaldehyde-induced apoptosis and as-
sociated oxidative stress [39, 40].

AG slowed the progression of retinopathy, neuropathy
and nephropathy in streptozotocin-induced diabetic rats
[10, 11, 41—44], but had no effect on the increased levels of
glycated haemoglobin, collagen-associated fluorescence
and little effect on regional albumin permeation [25]. It
may prevent the formation of bis(lysyl)imidazolium protein
cross-links formed from glyoxal, methylglyoxal, and 3-DG
[1] and the putative cross-link 1,4-dideoxy-1-alkylamino-
2,3-hexosulose formed by glucose-modified proteins [9], and
prevent the formation of recognition factors for AGE
receptors and concomitant vascular cell dysfunction [45]. A
compound of the AG-type may eventually prove effective
in the prevention of chronic pathology associated with
diabetes and other AGE-associated disorders.

P.]J.T. thanks the Medical Research Council (U.K.) for support for the
research programme.
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