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Abstract—The 2,3-dihydrospiro[4H-thiopyrano[2,3-b]pyridin-4,4 0-imidazolidine]-2 0,5 0-dione 3 and its 7-methyl analogue 4 were syn-
thesized and tested for their ability to inhibit aldose reductase (ALR2). To expand the structure–activity relationships, the sulfone 5
and the acetic acid derivative 7 were also prepared and tested. Compounds 3 and 4 proved to be potent ALR2 inhibitors, with IC50

values in the submicromolar range (0.96 and 0.94lM, respectively) similar to that of sorbinil (0.65lM). Moreover, compound 3 was
found to be highly potent in preventing cataract development in severely galactosemic rats, like tolrestat, when administered as an
eyedrop solution. Docking simulations of both R- and S-isomers of 3 into the ALR2 crystal structure were carried out to guide,
prospectively, the design of new analogues.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Diabetic hyperglycemia causes a marked increase in glu-
cose metabolism through the polyol pathway in those
tissues in which glucose transport is insulin-independ-
ent. The correlation existing between enhanced polyol
pathway glucose metabolism and the onset and progres-
sion of long-term diabetic complications such as neuro-
pathy, retinopathy, nephropathy and cataract has been
well documented. Aldose reductase (alditol:NADP+

oxidoreductase, EC 1.1.1.21 ALR2), a member of the
aldo–keto reductase superfamily, is the first enzyme of
the polyol pathway, which catalyzes the NADPH-
dependent reduction of excess glucose to sorbitol. In this
way, the concentration of sorbitol increases markedly,
and its accumulation has been linked to cellular damage
leading to the diabetic complications. Consequently,
inhibitors of ALR2 (ARIs) have received attention as
possible therapeutic drugs, seeing that they can safely
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prevent or stop the progression of these long-term com-
plications, with no risk of hypoglycemia, since they have
no effect on plasma glucose levels.1–5

Among the numerous structurally different compounds,
which reportedly inhibit ALR2, the most potent classes
are the spirohydantoin derivatives, such as sorbinil
(Chart 1), and the acetic acid compounds, which include
alrestatin, tolrestat, zopolrestat and epalrestat (Chart 1).
Unfortunately, only the last of these is on the market
nowadays, since ARI-based therapy suffers from many
limitations due to pharmacokinetic problems, reversibil-
ity of diabetic neuropathy, adverse reactions and poor
reproducibility of clinical measurements.3–6

For several years our group has been interested in the
search for highly potent ARIs able to prevent cataract
development (severely galactosemic rat model) by topi-
cal administration,7,8 thus avoiding bioavailability and/
or metabolism-related problems associated with sys-
temic administration. Actually, tolrestat has been re-
ported to be highly potent in preventing sugar cataract
formation when topically administered to rats fed with
50% galactose diet.9
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In the course of our drug discovery programs, we were
intrigued by the structure–activity relationships de-
scribed by Sarges and co-workers for spirohydantoin
derivatives. Firstly, this author reports that a good
inhibitory potency is maintained by sorbinil-like com-
pounds in which the oxygen atom of the pyrane ring is
substituted by a sulfur atom.10 In a subsequent paper,
the same author reports that 8-aza analogues of sorbinil
are more potent in vitro and in vivo inhibitors than the
parent compound.11 This experimental evidence, com-
bined with our previous experience in the synthesis of
ketones 2,3-dihydrothiopyrano[2,3-b]pyridin-4(4H)-one
1 and its 7-methyl analogue 2,12–14 led us to synthesize
and test for their ALR2 inhibitory activity the spirohy-
Figure 1. Overlay of (a) R-isomer (red) and (b) S-isomer (yellow) of 3

on the experimentally determined ALR2-bound conformation of

sorbinil (blue) by minimizing the root-mean-square distance between

the benzo-fused ring centroids and the common CO–NH–CO spiro-

hydantoin moiety.
dantoin derivatives of 1 and 2, namely 3 and 4. A pre-
liminary overlay of the molecular models of both R-
and S-isomers of 3 on the ALR2-bound conformation
of sorbinil15 gave support to our project, because it
showed a satisfactory match of the common spirohy-
dantoin ring and the benzopyrane/pyrano[2,3-b]pyridine
systems (Fig. 1): the overlay of S-3 on sorbinil is remark-
able yielding a root-mean-square (rms) deviation of
0.03Å. For R-3 the departure from direct superimposi-
tion is greater (rms 0.74Å), but still acceptable. In order
to delineate better the structure–activity relationships
(SARs) of this new class of ARIs, the sulfone 5 and
the acetic acid derivative 7 were also prepared and
tested.
2. Chemistry

Spirohydantoins 3 and 4 were synthesized, as shown in
Scheme 1, by reaction of the corresponding ketone pre-
cursors, 1 and 2, with KCN and powered (NH4)2CO3 in
aqueous ethanol (50% v/v) at 50 �C for 24h, under
standard Bucherer-Berg conditions.16

Sulfone 5 was obtained with a 58% yield by treatment of
spirohydantoin 3 with 30% hydrogen peroxide in acetic
acid at 80 �C (Scheme 2). Acetic acid derivative 7 was
prepared in two steps. Alkylation of 3 with ethyl bromo-
acetate in refluxing acetone, in the presence of anhy-
drous potassium carbonate, gave the ethyl ester
acetone
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intermediate 6, which was then hydrolyzed in an aque-
ous sodium hydroxide solution to give the target com-
pound 7.

All the newly synthesized spirohydantoins 3–7 were ob-
tained and characterized as racemic mixtures (Table 1).
Table 1. Physical properties and spectral data of spirohydantoin derivatives

N X

HN

R1

O

No. X R1 R2 Yield (%) Mp (�C)
recryst solv

Fo

3 S H H 60 >300

EtOH

C

4 S CH3 H 52 280–282

EtOH

C

5 SO2 H H 58 >300

EtOH

C

6 S H CH2COOEt 79 107–108

EtOH

C

7 S H CH2COOH 89 245–248
iPrOH

C

a Elemental analyses were within ±0.4% of the calculated values.
3. Biochemistry and pharmacology

Compounds 3–5 and 7 were evaluated for their in vitro
inhibitory activity against ALR2, carrying out the
screening on a water-soluble enzymatic extract purified
from rat lenses.17–20 IC50 values were determined by
3–7

N

O

R2

rmulaa IR (m, cm�1) NMR (d, ppm) MS (m/e)

10H9N3O2S 3330, 3250,

3225, 1770,

1700

2.21–2.35 (m, 2H,

CH2), 3.13–3.43

(m, 2H, SCH2),

7.08 (dd, 1H, H6),

7.49 (d, 1H, H5),

8.28 (d, 1H, H7),

8.54 (s, 1H, CONH,

exc), 10.94 (s, 1H,

CONHCO, exc)

235 [M+],

136 base

11H11N3O2S 3330, 3250,

3225, 1770,

1700

2.20–2.28 (m, 2H,

CH2), 2.36 (s, 3H,

CH3), 3.08–3.40

(m, 2H, SCH2),

6.97 (d, 1H, H6),

7.38 (d, 1H, H5),

8.61 (s, 1H, CONH,

exc), 11.03 (s, 1H,

CONHCO, exc)

249 [M+],

43 base

10H9N3O4S 3340, 3270,

3063, 1780,

1703

2.48–2.78 (m, 2H,

CH2), 3.73–4.00

(m, 2H, SCH2),

7.74 (dd, 1H, H6),

7.81 (d, 1H, H5),

8.77–8.80 (m,

2H, H7, CONH),

10.94 (s, 1H,

CONHCO, exc)

267 [M+],

104 base

14H15N3O4S 3650, 3100,

1780, 1760,

1720

1.21 (t, 3H, CH3),

2.27–2.49 (m, 2H,

CH2), 3.24–3.30

(m, 4H, SCH2,

OCH2), 4.27 (s,

2H, CH2CO), 7.17

(dd, 1H, H6), 7.61

(d, 1H, H5), 8.35

(d, 1H, H7), 9.21

(s, 1H, NH, exc)

321 [M+],

136 base

12H11N3O4S 3490, 3077,

1774, 1746,

1710, 1639

2.25–2.51 (m, 2H,

CH2), 3.15–3.40

(m, 2H, SCH2),

4.16 (s, 2H,

CH2CO), 7.15

(dd, 1H, H6),

7.63 (d, 1H, H5),

8.35 (d, 1H, H7),

9.16 (s, 1H, NH,

exc), 13.15 (br s,

1H, COOH, exc)

293 [M+],

45 base



Table 2. Enzyme inhibition data of spirohydantoins 3–5 and 7

No. Aldose reductase

IC50
a (lM)

Aldehyde reductase

IC50
a (lM)

Sorbitol dehydrogenase

IC50
a (lM)

Glutathione reductase

IC50
a (lM)

3 0.96 (0.92–1.01) 3.40 (3.26–3.55) n.a.b n.a.

4 0.94 (0.89–0.99) 1.11 (1.05–1.19) n.a. n.a.

5 4.50 (4.43–4.57) 1.36 (1.29–1.43) n.a. n.a.

7 8.90 (8.54–9.26) 50.0 (47.30–52.70) n.a. n.a.

Sorbinil 0.65 (0.49–0.82) 0.029 (0.020–0.038) n.a. n.a.

Tolrestat 0.05 (0.03–0.06) n.a. n.a. n.a.

Quercetin 7.81 (5.47–10.15) 2.32 (2.05–2.78) 35.6 (31.6–40.0) 48.8 (34.7–63.4)

a IC50 values represent the concentration required to produce 50% enzyme inhibition.
b n.a. = not active.

Table 3. Effect of treatment with ophthalmic solution of 3 and

tolrestat on development of nuclear cataract in severely galactosemic

rats

Day of treatment Rats with nuclear cataract (%)

Control 3

(1%)

3

(3%)

Tolrestat

(1%)

Tolrestat

(3%)

11 13 0 0 0 0

12 25 5 0 0 0

13 25 5 0 0 0

14 25 5 0 23 0

15 25 15 0 32 0

16 31 15 0 32 0

17 50 35 0 32 0

18 50 35 0 43 0

19 75 48 0 43 0

20 88 48 0 47 0

21 90 60 0 47 0
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linear regression analysis of the log concentration–re-
sponse curve. As one of the most important require-
ments of clinically useful ARIs is their ALR2-
selectivity over closely related enzymes, compounds 3–
5 and 7 were also assayed for their ability to inhibit
sorbitol dehydrogenase (SD)21 and two other enzymes
not involved in the polyol pathway, namely aldehyde
reductase (ALR1)22 and glutathione reductase (GR).23

Sorbinil,24 tolrestat25 and quercetin26 were used as the
reference standards.

Compound 3 was investigated in vivo for its ability to
prevent cataract development in severely galactosemic
rats.24 Its effectiveness was evaluated with respect to tol-
restat as a highly potent reversible inhibitor of lenticular
ALR2 when topically administered to rats fed with 50%
galactose diet.9
Table 4. Physical properties of compound 3, tolrestat and sorbinil

CLogPa pKa PSAb (Å2)

3 �0.05 10.2 93.1

Tolrestat 3.72 2.64 71.8

Sorbinil 0.64 8.70c 69.3

a Calculated n-octanol/water partition coefficient.34

b Polar surface area.32

c Data taken from Ref. 10.
4. Results and discussion

Spirohydantoin derivatives 3 and 4 proved to be potent
ALR2 inhibitors, with IC50 values in the submicromolar
range (0.96 and 0.94lM, respectively) similar to that of
sorbinil (0.65lM), and one order of magnitude higher
than that of tolrestat (0.05lM) (Table 2).

The oxidation of the sulfur atom of 3 to give 5 (IC50

4.5lM) determined a 5-fold lowering in potency; like-
wise, the introduction of an acetic residue at the N(1 0)
of 3, as in 7 (IC50 8.90lM), was detrimental for the
activity. Like sorbinil, compounds 3–5 and 7 also
proved to inhibit ALR1, but none of them displayed
any appreciable inhibitory property towards SD or GR.

Compound 3 was administered as an eyedrop solution
in the precorneal region to investigate its in vivo ability
to prevent cataract development in severely galactose-
mic rats.7,8 Topical administration can in principle
achieve significant drug levels in the lens with negligible
effects on other tissues, thus avoiding bioavailability
and/or metabolism-related problems associated with
systemic administration.9 The pharmacological data
are reported in Table 3. After 21days of a 50% galactose
diet, 90% of the animals treated only with the vehicle
developed nuclear cataract. Those treated with 1% oph-
thalmic solution of 3 were only partially protected,
whereas those treated with 3% solution were 100% pro-
tected, as no nuclear cataract was detected in any rats.
In this assay, the protection trend exerted by compound
3 proved to be similar to that of tolrestat in both 1% and
3% solutions, in spite of a higher IC50 value, but less
effective than sorbinil, which is reported to completely
protect galactosemic rats from cataract development
with 1% ophthalmic solution.24 These results can be well
understood from an analysis of the corneal anatomy,
and the physical properties of compound 3, tolrestat
and sorbinil (Table 4). The cornea is formed by three
primary layers: epithelium, stroma and endothelium.
Both the epithelium and the endothelium are lipophilic
and constitute the main barriers to hydrophilic com-
pounds. The stroma is an aqueous layer and limits the
movement of lipophilic compounds across the cornea.
Thus, a compound usually has greater corneal permea-
bility when its hydrophilic–lipophilic properties are ade-
quately balanced. Compound 3 and tolrestat are less
active than sorbinil, and show the same trend of in vivo
potency although they present different physical proper-
ties (Table 4). Actually, compound 3 is less lipophilic,
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but it is also fairly polar and less ionized with respect to
tolrestat, which is more lipophilic, less polar, but also
more acid. Thus, in both compounds the effects of lipo-
philicity/polarity/ionization are adequately counterbal-
anced to permeate the cornea. Sorbinil is the most in
vivo active compound, since it displays the best balance
between lipophilicity and polarity/ionization as evi-
denced by its values of ClogP, PSA and pKa, respec-
tively (Table 4).

Docking simulations of 3 into the ALR2 binding site
were carried out in order to propose a binding mode
of these types of inhibitors at the enzyme catalytic site,
which might be useful for the prospective design of new
analogues. As all the tested compounds were assayed as
racemic mixtures, we docked both S- and R-isomers of
the inhibitor into the active site of the enzyme with the
help of the program FlexX,27 using the crystallographic
coordinates of pig ALR2 complexed with sorbinil15 as a
reference (filed in the Brookhaven Protein Data Bank28

under the entry code 1AH3). Although the inhibition
assays on our compounds were conducted on rat
ALR2, the use of a model of pig ALR2 for docking
studies is justified by the following facts: (i) the crystal
Figure 2. (R)-3 (top) and (S)-3 (bottom) isomers docked into the ALR2 bindin

are displayed and labelled. The hydrogen bonds discussed in the text are de
structure of rat ALR2 is unknown; (ii) the pig and rat
sequences of this enzyme are characterized by 81%
identity and 87% homology;29 (iii) all active-site resi-
dues, including those of the specificity pocket, are lar-
gely conserved across the ALR2 isoforms so far
sequenced.15

The energy-minimized structure of sorbinil was prelim-
inarily docked into ALR2 to examine how closely the
FlexX algorithm can reproduce the experimentally
determined binding conformation of sorbinil at the ac-
tive site of ALR2.15 A superposition of docked sorbinil
onto the crystallographic geometry yielded an rms devi-
ation of 0.74Å, thus revealing that FlexX was success-
ful in reproducing the binding conformation of
sorbinil.

The free binding energy of a protein–ligand complex is
estimated in FlexX as the sum of free energy contribu-
tions from hydrogen bonds, ion-pair interactions,
hydrophobic and p-stacking interactions of aromatic
groups and lipophilic interactions. The docking results
(highest-scoring binding modes) for both R- and S-iso-
mers of 3 in ALR2 were calculated and showed free
g site. Only aminoacids located within 5Å distance of the bound ligand

picted as black dashed lines.
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binding energies of DG �4.0kcal/mol and DG �3.7kcal/
mol, respectively. Taking into account the accuracy of
the current docking methods, the binding free energies
associated with the ALR2/R-3 and ALR2/S-3 complexes
were not sufficiently dissimilar to conclude, which of the
two complexes (isomers) was biologically more signifi-
cant. Thus, both ALR2/R-3 and ALR2/S-3 complexes
were analyzed as though the binding modes of the
enantiomers of 3 had the same probability of
occurrence.

The three-dimensional structure of the ALR2/R-3 and
ALR2/S-3 complexes is shown in Figure 2, where only
the aminoacids located within 5Å of the inhibitor are
displayed. The main features of the final docking model
are schematically represented in Figure 3.

The thiopyranopyridine ring is surrounded by the side
chains of Trp20, Val47, Trp79, Trp111, Phe122,
Trp219, Cys298 and Leu300 by means of hydrophobic
interactions. In addition to these, the two carbonyl
groups of the spirohydantoin ring form hydrogen bonds
with the enzyme by hydrophilic interactions, in a man-
ner similar to that of the carboxyl groups of zopolrestat,
tolrestat and alrestatin. The carbonyl group in the 2 0-
position forms one of the hydrogen bonds with the Og
of Tyr48 (2.5 Å) and is close to the nicotinamide ring
of the coenzyme. The other carbonyl group in the 5 0-
position accepts another hydrogen bond from the Ne1
of Trp111 (1.9 Å). The 1 0-position NH group in the
hydantoin ring is involved in a hydrogen bond with
the Ne2 of His110 (1.9Å). Other important features
are van der Waals and hydrophobic interactions: the
aromatic side chains of Trp20, Trp79 and Phe122 are
positioned to sandwich the thiopyranopyridine
framework.

The crystal structure of sorbinil complexed with ALR2,
presented by Urzhumtsev et al.,15 shows that the spiro-
hydantoin ring binds in the so-called anionic binding
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Figure 3. Schematic representation of the binding interactions (dashed

lines) of inhibitor 3 at the active site of ALR2.
site, like the carboxylate moiety of zopolrestat,30 and
the benzopyrane system interacts favourably with
Trp20. Similarly, our docking model places the spirohy-
dantoin moiety of our inhibitors in the same oxyanion
hole, and the thiopyranopyridine ring establishes a
hydrophobic interaction with Trp20 (Fig. 2).

From the docking model illustrated in Figure 2, it may
be also deduced that the high ALR2 inhibitory activity
of the 7-methyl derivative 4 is the consequence of a
favourable hydrophobic interaction of the methyl group
with the Val47, Trp20 and Phe122 side chains. The
endocyclic sulfur does not appear to interact with any
protein group. However, the oxidation of sulfide to sulf-
one (compound 5) places the two oxygens in an apolar
environment, where the energy penalty for desolvation
is detrimental for activity.

To understand the low ALR2 activity of 7, this com-
pound was docked into the ALR2 catalytic site. When
the results of the docking of sorbinil and 7 were com-
pared, the docking of 7 gave less favourable FlexX
scores. Inspection of the docked structure indicated that
the acetic residue at the N(1 0) of spirohydantoin pointed
towards the entrance of the enzyme away from the cat-
alytic binding site. Thus, we propose that the low activ-
ity of derivative 7 can be explained by the lack of
favourable interactions between the acidic function of
the ligand and the oxyanion hole, made up of His110,
Trp111 and Tyr48 residues.

In conclusion, we have described the synthesis and the
aldose reductase-inhibiting properties of a number of
spirohydantoin derivatives of the versatile ketones 2,3-
dihydrothiopyrano[2,3-b]pyridin-4(4H)-one 1 and its 7-
methyl analogue 2. Compounds 3 and 4 displayed the
highest potency, with IC50 values in the submicromolar
range. Compound 3 also showed an excellent in vivo
activity, as it completely protected severely galactosemic
rats from the development of nuclear cataract in a man-
ner quite similar to tolrestat. Docking experiments of
both R- and S-isomers of 3 into the ALR2 binding site
were performed to guide, prospectively, the design of
new analogues.
5. Experimental protocols

5.1. Chemistry

Melting points were determined using a Reichert Köfler
hot-stage apparatus and are uncorrected. IR spectra
were recorded with a Pye Unicam Infracord Model
PU956 in Nujol mulls. Routine 1H NMR spectra were
determined on a Varian Gemini 200 spectrometer using
DMSO-d6 as the solvent. Mass spectra were obtained on
a Hewlett-Packard 5988 A spectrometer using a direct
injection probe and an electron beam energy of 70eV.
Analytical TLC was carried out on Merck 0.2mm pre-
coated silica gel (60 F-254) aluminium sheets, with visu-
alization by irradiation with a UV lamp. Elemental
analyses were performed by our Analytical Laboratory
and agreed with theoretical values to within ±0.4%.
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The ketone precursors 2,3-dihydrothiopyrano[2,3-
b]pyridin-4(4H)-one12 and 7-methyl-2,3-dihydrothiopyr-
ano[2,3-b]pyridin-4(4H)-one13 were prepared in accord-
ance with literature procedures.

5.1.1. 2,3-Dihydrospiro[4H-thiopyrano[2,3-b]pyridin-4,4 0-
imidazolidine]-2 0,5 0-dione 3 and 2,3-dihydro-7-methylsp-
iro[4H-thiopyrano[2,3-b]pyridin-4,4 0-imidazolidine]-2 0,5 0-
dione 4. A suspension of ketone derivative 1 or 2
(1.00mmol), KCN (0.098g, 1.50mmol) and powered
(NH4)2CO3 (0.288g, 3.00mmol) in 10mL of 50% aque-
ous EtOH was heated at 50 �C for 24h, until the disap-
pearance of the starting material (TLC analyses). The
reaction mixture was then diluted with 15mL of water,
boiled for 15min, cooled to room temperature and acid-
ified with concentrated HCl, under ice-cooling. The
white solid precipitate was filtered, washed with water,
dried and recrystallized (Table 1).

5.1.2. 2,3-Dihydrospiro[4H-thiopyrano[2,3-b]pyridin-4,4 0-
imidazolidine]-2 0,5 0-dione-1,1-dioxide 5. A solution of
spiro derivative 3 (0.235g, 1.00mmol) in 10mL of acetic
acid containing 2.5mL of 30% H2O2 was heated under
stirring at 80 �C for 20h. After cooling and dilution with
water, the white solid precipitate was filtered, dried and
recrystallized (Table 1).

5.1.3. Ethyl 2,3-dihydrospiro[4H-thiopyrano[2,3-b]pyr-
idin-4,4 0-imidazolidine]-2 0,5 0-dion-1 0-ylacetate 6. A sus-
pension of spiro derivative 3 (0.235g, 1.00mmol), ethyl
bromoacetate (0.13mL, 1.20mmol) and anhydrous
potassium carbonate (0.166g, 1.20mmol) in 5mL of ace-
tone was heated under reflux for 12h. After cooling, the
solid precipitate was collected, washed with water, dried
and recrystallized (Table 1).

5.1.4. 2,3-Dihydrospiro[4H-thiopyrano[2,3-b]pyridin-4,4 0-
imidazolidine]-2 0,5 0-dion-1 0-ylacetic acid 7. A suspen-
sion of ester derivative 6 (0.320g, 1.00mmol) in 5mL
of 2% NaOH was left under stirring at room tempera-
ture for 15h. The cloudy solution obtained was then
filtered and acidified with concentrated HCl, under
ice-cooling. The white solid precipitate was col-
lected, washed with water, dried and recrystallized
(Table 1).

5.2. Biology

5.2.1. Materials and methods. Aldose reductase (ALR2)
and aldehyde reductase (ALR1) were obtained from
Sprague Dawley albino rats, 120–140g b.w., supplied
by Harlan Nossan, Italy. In ordered to minimize
cross-contamination between ALR2 and ALR1 in the
enzyme preparation, rat lens, in which ALR2 is the pre-
dominant enzyme, and kidney, where ALR1 shows the
highest concentration, were used for the isolation of
ALR2 and ALR1, respectively.

Glutathione reductase (GR) type IV from bakers� yeast
(100–300U/mg), sorbitol dehydrogenase (SD) from
sheep liver (10U/mg of protein), pyridine coenzymes,
D,LD,L-glyceraldehyde, glutathione disulfide, sodium DD-glu-
curonate, sorbitol and quercetin were from Sigma
Chemical Co. Sorbinil was a gift from Pfizer, Groton
CT, USA. Tolrestat was obtained from Lorestat�

Recordati, Italy. All other chemicals were of reagent
grade.

5.2.2. Enzyme preparation
5.2.2.1. Aldose reductase (ALR2). A purified rat

lens extract was prepared in accordance with the method
of Hayman and Kinoshita31 with slight modifica-
tions. Lenses were quickly removed from rats following
euthanasia and homogenized (Glas-Potter) in 3vol of
cold deionized water. The homogenate was centrifuged
at 12,000rpm at 0–4 �C for 30min. Saturated
ammonium sulfate solution was added to the superna-
tant fraction to form a 40% solution, which was stirred
for 30min at 0–4 �C and then centrifuged at
12,000rpm for 15min. Following this same procedure,
the recovered supernatant was subsequently fraction-
ated with saturated ammonium sulfate solution
using first a 50%, and then a 75% salt saturation.
The precipitate recovered from the 75% saturated frac-
tion, possessing ALR2 activity, was redissolved in
0.05M NaCl and dialyzed overnight in 0.05M NaCl.
The dialyzed material was used for the enzymatic
assay.

5.2.2.2. Aldehyde reductase (ALR1). Rat kidney
ALR1 was prepared in accordance with a previously re-
ported method.22 Kidneys were quickly removed from
rats following euthanasia and homogenized (Glas-Potter)
in 3vol of 10mM sodium phosphate buffer, pH = 7.2,
containing 0.25M sucrose, 2.0mM EDTA dipotassium
salt and 2.5mM b-mercaptoethanol. The homogenate
was centrifuged at 12,000rpm at 0–4 �C for 30min and
the supernatant was subjected to a 40–75% ammonium
sulfate fractionation, following the same procedure pre-
viously described for ALR2. The precipitate obtained
from the 75% ammonium sulfate saturation, possessing
ALR1 activity, was redissolved in 50vol of 10mM so-
dium phosphate buffer, pH = 7.2, containing 2.0mM
EDTA dipotassium salt and 2.0mM b-mercaptoethanol
and dialyzed overnight using the same buffer. The dia-
lyzed material was used in the enzymatic assay.

5.2.3. Enzymatic assays. The activity of the four test en-
zymes was determined spectrophotometrically by moni-
toring the change in absorbance at 340nm, which is due
to the oxidation of NADPH or the reduction of NAD+

catalyzed by ALR2, ALR1 and GR or SD, respectively.
The change in pyridine coenzyme concentration/min
was determined using a Beckman DU-64 kinetics soft-
ware program (Solf Pack TM Module).

ALR2 activity was assayed at 30 �C in a reaction mix-
ture containing 0.25mL of 10mM D,LD,L-glyceraldehyde,
0.25mL of 0.104mM NADPH, 0.25mL of 0.1M so-
dium phosphate buffer (pH = 6.2), 0.1mL of enzyme ex-
tract and 0.15mL of deionized water in a total volume
of 1mL. All the above reagents, except D,LD,L-glyceralde-
hyde, were incubated at 30 �C for 10min; the substrate
was then added to start the reaction, which was moni-
tored for 5min. Enzyme activity was calibrated by dilut-
ing the enzymatic solution in order to obtain an average
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reaction rate of 0.011 ± 0.0010 absorbance units/min for
the sample.

ALR1 activity was determined at 37 �C in a reaction
mixture containing 0.25mL of 20mM sodium DD-glucuro-
nate, 0.25mL of 0.12mM NADPH, 0.25mL of dialyzed
enzymatic solution and 0.25mL of 0.1M sodium phos-
phate buffer (pH = 7.2) in a total volume of 1mL. The
enzyme activity was calibrated by diluting the dialyzed
enzymatic solution in order to obtain an average reac-
tion rate of 0.015 ± 0.0010 absorbance/min for the
sample.

SD activity21 was determined at 37 �C in a reaction mix-
ture containing 0.25mL of 10mM sorbitol, 0.25mL of
0.47mM NAD+, 0.25mL of 3.75mU/mL enzymatic
solution and 0.25mL of 100mM Tris/HCl buffer
(pH = 8) in a total volume of 1mL. All the reagents were
incubated at 37 �C for 1min, after which the reaction
was monitored for 3min.

GR activity23 was determined at 37 �C in a mixture con-
taining 0.25mL of 1mM glutathione disulfide, 0.25mL
of 0.36mM NADPH, 0.25mL of 4.5mU/mL enzymatic
solution and 0.25mL of 0.125 sodium phosphate buffer
(pH = 7.4) supplemented with 6.3mM EDTA potassium
salt, in a total volume of 1mL.
5.2.4. Enzymatic inhibition. The inhibitory activity of the
newly synthesized compounds against ALR2, ALR1,
SD and GR was assayed by adding 0.1mL of the inhib-
itor solution to the reaction mixture described above.
All the inhibitors were dissolved in water and the solu-
bility was facilitated by adjustment to a favourable
pH. After complete dissolution, the pH was readjusted
to 7. To correct for the nonenzymatic oxidation of
NADPH or reduction of NAD+ and for the absorption
by the compounds tested, a reference blank containing
all the above assay components except the substrate
was prepared. The inhibitory effect of the new deriva-
tives was routinely estimated at a concentration of
10�4M. Those compounds found to be active were
tested at additional concentrations between 10�5 and
10�7M. The determination of the IC50 values was per-
formed by using linear regression analysis of the log-
dose–response curve, which was generated using at least
four concentrations of the inhibitor causing an inhibi-
tion between 20% and 80%, with two replicates at each
concentration. The 95% confidence limits (95% CL)
were calculated from t values for n � 2, where n is the
total number of determinations.
5.3. Pharmacology

5.3.1. Materials and methods. Experiments were carried
out using Sprague Dawley albino rats, 45–55g b.w., sup-
plied by Harlan-Nossan, Italy. Animal care and treat-
ment conformed to the ARVO Resolution on the Use
of Animals in Ophthalmic and Vision Research. The
galactose diet consisted of a pulverized mixture of 50%
DD-galactose and 50% TRM laboratory chow (Harlan
Teckland, UK), and the control diet consisted of normal
TRM. Both control and experimental rats had access to
food and water ad libitum.

5.3.2. Prevention of cataract development. Animals were
randomly divided into groups of equal average body
weight with 15 rats per group. The test compounds 3
and tolrestat were administered four times daily as eye-
drops of appropriate concentrations. The vehicle in
which ARIs were contained was administered with the
same dose regimen to the control group, which was
given access to the galactose diet, and to the group fed
with a normal diet, which was included to record the
aspect of normal lenses. Groups treated with the tested
compounds were pre-dosed 1day before switching their
diet to galactose-containing chow.

Lenses were examined using slit-lamp microscopy, after
dilating the pupils with atropine 1% Farmigea, Italy, in
order to establish their status of integrity.

Nuclear cataracts, which appeared as a pronounced cen-
tral opacity readily visible as a white spot, were evalu-
ated. The number of animals which attained this stage
was recorded, and the ability of the test compounds to
prevent cataract development was assessed on the basis
of comparison with galactosemic rats treated only with
the vehicle.

5.4. Computational chemistry

Computations were performed using the software pack-
age Sybyl32 running on a Silicon Graphics R12000
workstation. A starting model of compound 3 was ob-
tained by modifying a crystal structure retrieved from
a search by substructures using the October 2002 release
of the Cambridge Structural Database (refcode: DAF-
FIZ). Geometry optimizations were achieved with the
SYBYL/MAXIMIN2 minimizer by applying the BFGS
(Broyden, Fletcher, Goldfarb and Shannon) algorithm
and setting a root mean square gradient of the forces
acting on each atom of 0.05kcal/mol Å as the conver-
gence criterion. The crystal structure of the ALR2/sorbi-
nil complex reported at 2.3Å resolution by Urzhumtsev
et al.15 was used for docking experiments. Hydrogens
were added to the unfilled valences of the amino acids
according to standard geometries of the Tripos force
field. Charges of the ALR2 atoms were calculated by
the Kollman all-atom (Lys, Asp and Glu side chains
were modelled in their ionized forms). Flexible docking
was performed with FlexX27 implemented in Sybyl. The
evaluation function was based on the Tripos force
field.33
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