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Advanced glycation end-products, namely AGEs, are involved in the pathogenesis of numerous diseases.
If AGEs inhibitors are well-known, only few products are described as compounds able to destroy those
deleterious products. In this work, we describe naphthoic acid derivatives, particularly 1-(naphthalen-1-
yl)propane-1,2-dione 9, allowing the simple and rapid detection of AGEs breakers using a 96-well micro-
plate fluorescence assay. Since the inaugurate publication about AGEs breakers whose activity was dem-
onstrated using HPLC analysis, this work proposes the first assay suitable for automated and high
throughput screening of AGEs breakers.

� 2012 Elsevier Ltd. All rights reserved.
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Figure 1. Examples of AGEs breakers described in literature.
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Figure 2. Formation of a fluorescent naphthoic acid from the reaction between a
non-fluorescent probe and an AGEs breaker.
Advanced glycation end-products, namely AGEs, are involved in
the pathogenesis of diabetes1,2 and neurological diseases like the
Alzheimer’s disease.3 They also contribute to the development of
atherosclerosis,4 joint diseases5 and cause aging of many tissues.6

Molecules able to break AGEs or inhibit their formation may thus
be considered as potential drugs, dietary supplements or other bio-
active ingredients.7–9 These considerations have thus prompted
the scientific community to identify advanced glycation end-prod-
ucts inhibitors or breakers. The Maillard reaction is non-enzymatic,
and divided in two stages: the early stage consists in reaction be-
tween the carbonyl group of a reducing sugar and the primary ami-
no groups of a protein (lysine, arginine)10,11 and produces the
corresponding Schiff base, which undergoes an Amadori rearrange-
ment. Then complex oxidation, dehydration and condensation
reactions lead, via intra- and intermolecular crosslinking of the
proteins, to AGEs. AGEs inhibitors and breakers act either through
trapping of reactive dicarbonyl species, preventing oxidation using
transition metal chelators or free radical scavengers, or breaking
AGEs cross-linking.7 One can consider AGEs breakers as com-
pounds able to cleave the a-dicarbonyl compounds resulting from
crosslinking reactions between post-Amadori products and nucle-
ophilic functions (i.e. Lys, Arg, Cys) of proteins.12

Since Vinson and Howard publication fifteen years ago,13 chem-
ical procedures to screen AGEs inhibitors were developed.8,14 How-
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Figure 3. Synthesis of non fluorescent naphthyl dicarbonylated probes 6, 7 and 9.
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1996 by Vasan et al. It requires high performance liquid chroma-
tography (HPLC) analysis and consisted in quantification of benzoic
acid formed by 1-phenyl-1,2-propanedione (22 mM) disruption.
The yield of benzoic acid was calculated by area integration
(254 nm) and interpolation from a standard curve obtained by
injection of standard amounts of pure benzoic acid.12 It is not suit-
able for high throughput screening (HTS) of new pharmacophores.
This could explain the poor diversity of structures described as
Figure 4. Visualisation of fluorescent 1-naphthoic acid formation from probe 6 and
Supplementary data, detection: 240 nm or using a fluorescence microplate reader (b) kexc
the mixture with Et3N minus the one of the mixture without Et3N, see experimental pa
AGEs breakers in literature: most of them are derivatives of the
lead compound phenacylthiazolium bromide 1 (PTB) such as alage-
brium 2 (formerly known as ALT-711), C16 3 or C36 4; pyridinium
derivatives were also described such as TRC4149 5 (Fig. 1).15–18 So
we embarked upon the conception and synthesis of a probe suit-
able for HTS of AGEs breakers.

Fluorescence probes are often used by researchers in HTS to
detect particular changes or components as fluorescence allows
PTB 1 (c) as a function of time by HPLC (a) see experience and conditions B in
275 nm. Emission fluorescence curves were obtained by subtracting fluorescence of
rt.



Figure 5. Visualisation of fluorescent 1-naphthoic acid formation from probe 9 and PTB 1 (c) as a function of time by HPLC (a) see experience and conditions C in
Supplementary data, detection 280 nm or using a fluorescence microplate reader (b) kexc 280 nm.
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sensitive and selective measurements.19 Even if naphthalene-based
dyes are sensitive to the environment and exhibit weak fluores-
cence in aqueous media, those molecules tend to have an emission
spectra and are used as fluorescent probes (e.g. dansyl chloride, 8-
anilino-1-naphthalenesulfonic acid).19 Our project aimed at syn-
thesizing a non-fluorescent a,b-dicarbonyl probe able to form a
fluorescent carboxylic acid when an AGEs breaker is added. As 1-
and 2-naphthoic acids derivatives were previously described as
fluorophores,20–23 our efforts were directed toward the synthesis
and evaluation of a,b-dicarbonylated compounds suitable to react
with AGEs breakers to form fluorescent naphthoic acids (Fig. 2).

Our project began by synthesizing symmetric dimers 6 and 7,
‘respectively’ from 1 and 2-naphtaldehydes using a method previ-
ously described by Bailey et al. to obtain 1,2-diones from corre-
sponding aldehydes (Fig. 3).24 The potential of probes 6 and 7 to
detect AGEs breakers was then evaluated with the reference com-
pound PTB 1. More precisely, degradation by PTB 1 of probes 6 and
7 into 1- and 2-naphthoic acids ‘respectively’ was evaluated using
both HPLC as earlier reported12,25 and fluorescence measurement.
In their articles, Vasan et al.12 and Thornalley and Minhas25 studied
1-phenyl-1,2-propanedione cleavage in a mixture of methanol and
phosphate buffer. However due to insolubility of probes 6 and 7 in
such media, the formation of corresponding naphthoic acids using
PTB 1 as a breaker was first attempted in a mixture of DMSO and
phosphate buffer (see experimental part, conditions A). Traces of
naphthoic acids were detected after 24 h at 37 �C by HPLC-DAD
and with a fluorescence microplate reader by comparison with
commercial sample (data not shown). As dimeric probes were
poorly soluble with water as a cosolvent, DMSO was used as the
sole solvent. However no reaction occurred. We then thought that
a,b-dicarbonyl probes cleavage might be accelerated under basic
conditions. Indeed PTB 1 is thought to cleave a,b-dicarbonyl as thi-
amine diphosphate does: C2 of thiazole ring can be deprotonated
by a base to give a nucleophilic carbanion that can then react with
electrophiles.12,26 Thus we postulated that basic conditions would
promote the formation of a ionized and stronger nucleophile from
PTB 1 leading to enhanced formation of expected fluorescent spe-
cies. As depicted in Figure 4, in presence of triethylamine, 1-naph-
thoic acid was produced from PTB 1 and a,b-dicarbonyl probe 6
after only 1 h at 37 �C. This was observed using both HPLC-UV
(Fig. 4a) and measurement of fluorescence emission spectrum
(Fig. 4b). Same results were observed using probe 7 (data not
shown). However, the conditions required by an assay using those
dimeric probes seemed inappropriate to the selection of potential
drugs by a high throughput screening: even if naphthoic acids
were produced from corresponding probes and fluorescence de-
tected, reaction yields were very low and should be improved; tri-
ethylamine use in such an assay seemed also inappropriate and
should be replaced by water.

As previously explained, dimeric probes were only soluble in
DMSO and a precipitate occurred when water was added to the
mixture. This prompted us to develop a second generation of water
soluble probes with less steric hinderance. Indeed formation of
fluorescent naphthoic acids from probes 6 or 7 was quite slow



Figure 6. Visualisation of fluorescent 1-naphthoic acid formation from probe 9 and PTB 1 (c) as a function of time by HPLC (a) see experience and conditions D in
Supplementary data, detection: 310 nm or using a fluorescence microplate reader (b) kexc 280 nm.
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Figure 7. Formation of 1-naphthoic acid from probe 9 in DMSO/PB as a function of
time with (solid) or without (dotted) any AGEs breaker (see conditions D in
experimental part, detection: 310 nm): Area under curve (AUC) for 1-naphthoic
acid (tR = 15.9 min) depicted as a function of time shows a partial spontaneous
degradation of probe 9 in aqueous media but 1-naphthoic acid formation from
probe 9 occurs faster and with a best yield with PTB 1.
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since about 24 h were necessary to achieve the maximum fluores-
cent signal. This long reaction time may not be suitable for all AGEs
breakers as a rapid hydrolysis of PTB 1 was previously reported by
Thornalley and Minhas.25 Therefore the second generation of
probes should react rapidly to form corresponding fluorescent
naphthoic acids. Thus, inspired by 1-phenyl-1,2-propanedione
used by Vasan et al. in their inaugurate publication on AGEs break-
ers, we chose a naphthyl-1,2-propanedione as a target com-
pound.12 As shown in Figure 3, through a Friedel–Craft acylation
from naphthalene and propionyl chloride, the corresponding ke-
tone was obtained and further oxidized by selenium oxide under
microwaves irradiation to form expected probe 9.

First, as depicted on Figure 5, the assay was conducted in
MeOH/phosphate buffer:12,25 1-naphthoic acid formation from
probe 9 was detected after only 5 min using HPLC as well as a fluo-
rescence microplate reader. As described for 1-phenyl-1,2-propan-
edione by Vasan et al., using these conditions, only 30 min were
necessary to reach a maximum of fluorescence corresponding to
a quantitative reaction between PTB 1 and probe 9.27 However
we aimed at developing a probe suitable for high throughput
screening, we also performed the reaction with a mixture of phos-
phate buffer and DMSO. Replacement of MeOH by DMSO could
help us to solve solubility problems encountered with a large
diversity of tested molecules. It will also avoid the uncontrolled
evaporation of MeOH occurring at 37 �C.

As shown on Fig. 6, similar results were obtained in DMSO/PB
(1:1). The reaction was a bit slower but was completed after 3 h.

The identity of 1-naphthoic acid obtained from probe 9 degra-
dation was checked on line using LC-DAD-MS and by NMR after
purification (data not shown). However as shown on Fig. 6b,
emission fluorescence spectrum of compound formed from probe
9 seemed different from the one of 1-naphthoic acid. In fact, as
previously described by Thornalley and Minhas,25 pH decreased
from 7.4 to 5–6 after 4 h. This was due to the rapid hydrolysis
of PTB 1, consuming one equivalent of hydroxide ions. Fluores-
cence emission spectrum of 1-naphthoic acid performed in
DMSO/PB pH 5.6 indicated a maximum around 380 nm as ob-
served in our assay.

To ensure that the formation of 1-naphthoic acid from probe 9
was due to PTB 1 and not spontaneous, probe 9 was incubated at
37 �C for 24 h in a mixture DMSO/PB without any AGEs breaker.
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Figure 8. Formation of 1-naphthoic acid from probe 9 (22 mM) and tested product
(10 mM) in DMSO/phosphate buffer pH 7.4 (1:1, 100 lL) incubated for 3 h at 37 �C
measured by fluorescence (kexc 280 nm, kem 385 nm) on a microplate reader. When
tested products were AGEs breakers as PTB, ALT-711 or thiamine, an increase in
fluorescence was observed.
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As shown on Figure 7, in aqueous media, probe 9 is degraded in
1-naphthoic acid but this reaction occurs faster and with a best
yield when an AGEs breaker is added.

As shown on Figures 6 and 7, when this assay to detect AGEs
breakers (10 mM, 1 equiv) using probe 9 (22 mM, 2.2 equiv) was
performed in a mixture DMSO/phosphate buffer pH 7.4, forma-
tion of fluorescent 1-naphthoic acid could be checked after 3 h
at 37 �C using HPLC-UV as well as a fluorescence microplate read-
er (kexc 280 nm). As illustrated by Figure 8, it allows detection of
well-known AGEs breakers such as ALT-711 2 or thiamine and
discriminates AGEs breakers from AGEs inhibitors such as
quercetin.28

Naphthoic acid derivatives, particularly probe 9, described in
this work allow the simple and rapid detection of AGEs breakers
using a 96-well microplate fluorescence assay. To our knowledge,
since the inaugurate publication about AGEs breakers12 whose
activity was demonstrated using HPLC analysis, it is the first pub-
lication about an assay suitable for automated and high through-
put screening of AGEs breakers. Further improvements of this
assay are currently under investigations: one of them consists in
naphthoic acid analogs immobilization on glass support to allow
rinsing steps and avoid fluorescence quenching phenomena due
to evaluated substances.
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