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Abstract—A broad group of structurally diverse aldose reductase inhibitors including flavonoids,
carboxylic acids and hydantoins, have been examined for their ability to inhibit rat kidney aldehyde
reductase (EC1.1.1.19, EC 1.1.1.20) versus rat iens aldose reductase {EC 1.1.1.21). All aldose reductase
inhibitors examined inhibited aldehyde reductase to some extent both in the reductive reaction as
determined with glyceraldehyde as substrate and NADPH as coenzyme, and in the oxidative reaction
where L-gulonic acid was oxidized to D-glucuronic acid in the presence of NADP*. Of the inhibitors
examined, 2,7-diflucrospirofluorene-9,5’-imidazolidine-2’ ,4'-dione (Al11576) was the most potent inhibi-
tor requiring only concentrations in the 1078 M range to inhibit 50% of the in vitro activity of rat kidney
aldehyde reductase (1Cs, value), whereas 3-dioxo-1-H-benz[de]isoquinoline-2(3H)-acetic acid (alrestatin)
was the least potent inhibitor requiring concentrations in the 10°M range. Both the reductive and
oxidative steps appeared equally inhibited by these aldose reductases inhibitors. Moreover, all com-
pounds appeared to inhibit either crude or highly purified rat kidney aldehyde reductase to essentially
the same extent. Marked differences in the selectivity of these inhibitors, expressed as the ratio of 1Csy
values for rat kidney aldehyde reductase versus rat lens aldose reductase with glyceraldehyde as
substrate, were observed with selectivity for aldose reductase ranging from ca. 2-fold for Al1576 to
119-fold for 3-(4-bromo-2-fluorobenzyl-4-oxo-3-phthalazine-1-ylacetic acid (Ponalrestat). Kinetic and
competition studies suggest that these inhibitors interact with aldehyde reductase at a common site that
is not identical to either the substrate or nucleotide binding site. These results suggest that the
inhibitor binding sites of rat kidney aldehyde reductase and aldose reductase contain several common

characteristics.

Mounting experimental evidence indicates that the
NADPH-dependent reduction of glucose to the
sugar alcohol sorbitol, catalyzed by the enzyme
aldose reductase (EC 1.1.1.21), provides a common
link in the onset of long-term diabetic complications
that result in tissue and/or functional changes in
the cornea, lens, retina, iris, peripheral nerves and
kidney [1,2]. In addition, pharmacological studies
indicate that the onset and progression of these com-
plications can be prevented or reduced significantly
by the inhibition of sugar alcohol formation. These
observations, which represent a novel pharma-
cological approach toward the control of diabetic
complications that is independent of the insulin-
dependent regulation of blood sugar levels, has spur-
red a worldwide-search for potent and selective
aldose reductase inhibitors as potential therapeutic
agents, Currently, a number of structurally diverse
aldose reductase inhibitors have been developed as
potential therapeutic agents.

Many of these aldose reductase inhibitors have
also been observed to inhibit aldehyde reductase
(EC 1.1.1.20), an enzyme also known as hexonate
dehydrogenase (EC 1.1.1.19) [3-6]. This suggests
that both aldose reductase and aldehyde reductase
possess certain structural similarities necessary for
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the binding of aldose reductase inhibitors. Since the
physiological role of neither reductase is presently
known, defining the relationship between aldose
reductase and aldehyde reductase and their potential
roles in the onset of diabetic complications has
become a topic of great current interest. Studies
comparing the inhibitory susceptibility of aldose
reductase and aldehyde reductase and their mech-
anisms of inhibition can give insight into the bio-
chemical relationship between these two enzymes
and their potential similarities and/or differences.
Therefore, studies were initiated into the inhibition
of rat kidney aldehyde reductase by a number of
aldose reductase inhibitors, and the results compared
to those obtained with rat lens aldose reductase.

MATERIALS AND METHODS

Materials

All chemicals employed were of reagent grade
quality or as previously reported {7, 8]. NADPH and
NADP* were obtained from Boehringer Mannheim
Biochemicals (Indianapolis, IN). Al1576 (1), was a
gift from Alcon Laboratories (Fort Worth, TX); E-
79175 (3), was a gift from Eisai Pharmaceutical Ltd.
{Tokyo, Japan); tolrestat (6) and alrestatin (10),
were gifts from Ayerst Research Inc., (Princeton,
NJ); sorbinil (8) was a gift from Pfizer Central
Research (Groton, CT); and Ponalrestat (11) was a
gift from ICI Americas (Wilmington, DE). The
source of all other inhibitors has been described
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previously [7]. Prior to each analysis, fresh 100 mM
stock solutions of each inhibitor were prepared by
dissolving each inhibitor in a minimal amount of
dilute aqueous sodium hydroxide base.

Enzyme assay

Reductase activity was assayed spectrophoto-
metrically on a Guilford Response spectrophoto-
meter by following the decrease in the absorption of
NADPH at 340 nm over a 4-min period with DL-
glyceraldehyde as substrate [8]. Dehydrogenase
activity was assayed by following over a 4-min period
the increase in the absorption of NADPH when L-
gulonate was used as substrate [9]. This substrate
was freshly prepared from L-gulonolactone by base
hydrolysis {10]. Each 1.0-mL cuvette contained equal
units of enzyme (ca. 30 milliunits, where one unit of
activity is defined as the activity consuming 1 uM
NADPH per min), 0.10M Na,* K* phosphate
buffer, pH 6.2, 0.3 mM NADPH or NADP*, with/
without 10 mM substrate and inhibitor. Appropriate
controls were employed to negate potential changes
in the absorption of nucleotide and/or inhibitors at
340 nm in the absence of substrate.

Kinetic studies in which the concentrations of sub-
strate or inhibitors were varied were conducted
under the conditions as described above. Detailed
kinetic studies with NADPH and NADP* cofactors
in which their concentrations were varied from 2.5
to 50 M and 10 to 400 uM, respectively, were con-
ducted by monitoring the change at 340nm on a
Shimazu UV2100U spectrophotometer. The scan
lengths for NADPH and NADP™ kinetics were 10
and 30 sec respectively.

Calculations

Kinetic calculations were conducted with the
PROPHET computer system (Division of Research
Resources, National Institutes of Health, Bethesda,
MD, and Bolt, Beranek & Newman, Inc.,
Cambridge, MA) using the public procedure BIN-
KIN2 by fitting the means of 3-6 determinations to
the enzyme kinetic equation v = V,, [SI/[S] + K.
where v represents the initial velocity of the enzyme
reaction, V., represents the maximum velocity, [S]
represents the substrate concentrations, and K, rep-
resents the Michaelis constant. The 1C5, values were
estimated from simple linear regressions of the log
concentration-response curves calculated using the
Marquardt-Levenberg iterative curve-fitting algor-
ithm of the MLAB computer system developed by
the Division of Computer Research and Technology,
National Institutes of Health.

Enzyme preparations

Rat  kidney aldehyde reductase. Aldehyde
reductase was purified from rat kidneys (obtained
frozen from Pel-Freez) and stored at —20° as pre-
viously described [9]. The thawed kidneys were dis-
sected into cortical and medullary regions, and the
cortices were homogenized in a polytron homo-
genizer with 100 mL of 0.25 M sucrose dissolved in
20 mM phosphate buffer, pH 7.5, containing 0.5 mM
EDTA and 1mM pB-mercaptoethanol. After cen-
trifugation at 15,000 g for 20 min, the supernatant
fraction was fractionated with ammonium sulfate,
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and the 30-60% precipitate was collected, dissolved
in a minimum volume of 10 mM Tris buffer, pH 7.4,
containing 0.5 mM EDTA and 1 mM p-mercapto-
ethanol, and subjected to gel filtration through a
Sephadex G-25 column (2.5 X 40 cm) equilibrated
with the same Tris buffer to remove the ammonium
sulfate. The enzyme solution was then separated into
a major aldehyde reductase fraction and a minor
aldose reductase fraction by anion exchange chroma-
tography on a DEAE-cellulose column (2.5 x
50 cm), equilibrated with the same Tris buffer, and
developed with a 0~0.2 M linear gradient of NaCl
dissolved in the same Tris buffer. This partially puri-
fied aldehyde reductase solution, free of aldose
reductase, represents crude aldehyde reductase util-
ized in subsequent inhibition studies.

The partially purified aldehyde reductase solution,
concentrated over an Amicon YM-10 membrane,
was purified further by gel filtration on a Sephadex
G-75 column (2 x 70cm) using 20 mM Na,"K*-
phosphate buffer, pH 7.5, containing 0.5 mM EDTA
and 1 mM B-mercaptoethanol. Fractions were col-
lected in 120-drop aliquots, and those containing
enzyme activity were subjected to affinity chroma-
tography on a Matrex Gel Orange A column
(1.25 x 20cm) equilibrated with 20mM Na,*K*-
phosphate buffer, pH7.5, containing 0.5 mM
EDTA, 1 mM B-mercaptoethanol and 10% glycerol.
The purified enzyme, obtained by elution with a 100-
mL 0.1 mM linear gradient of NADPH dissolved in
the same phosphate buffer, eluted as a single band
on sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE). This enzyme represents
the highly purified enzyme preparation utilized for
inhibition studies.

Rat lens aldose reductase. Aldose reductase was
prepared from either fresh or frozen rat lenses as
previously described [11].

RESULTS

A Dbroad group of structurally diverse aldose
reductase inhibitors, including flavonoids, carboxylic
acids and hydantoins, were examined for their ability
to inhibit rat kidney aldehyde reductase (Table 1).
Of the compounds examined, 2,7-difluorospiro-
fluorene-9,5'-imidazolidine-2’,4’-dione ~ (Al1576);
(1) was the most potent inhibitor requiring only
concentrations in the 1072 range to inhibit 50% of
the in vitro activity of rat kidney aldehyde reductase
(1csy value), whereas 3-dioxo-1-H-benz[de]isoquin-
oline-2(3H)-acetic acid (alrestatin); (10) was the least
potent inhibitor requiring concentrations in the
107°M range. All compounds examined appeared
to inhibit either crude or highly purified rat kidney
aldehyde reductase to essentially the same extent.

The apparent selectivity of these inhibitors for
aldose reductase versus aldehyde reductase was
examined by comparing the ratio of the ICsy values
obtained for purified rat kidney aldehyde reductase
versus rat lens aldose reductase. Based on these
ratios, All1576 (1), the most potent inhibitor exam-
ined, and 7-hydroxy-4-oxo-4H-chromen-2-carboxy-
lic acid (2) were the least selective inhibitors with
selectivity for aldose reductase inhibition only 2-fold
greater than for aldehyde reductase. Selectivity for
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Table 1. Inhibition of rat kidney aldehyde reductase (RKALR) and rat lens aldose reductase (RLAR)
by aldose reductase inhibitors

ICso (UM)
RKALR RLAR ALR/RL
Inhibitor Crude Pure
. 0.018 0.046 0.024 1.9
2 6.1 4.9 2.2 2.2
3 0.11 0.16 0.028 5.7
4 6.2 7.1 1.1 6.5
5 41 31 2.2 14.1
o
Sse NN CH,CO0H
6 OO 0.11 0.24 0.011 21.8
H,CO
CF,
o OCoHg
OH Y Qb
7 “°°°\©"\" 3.6 2.7 0.1 27
NO2
—
8 .. s 1.9 2.0 0.07 28.5
7
"o
9 28 23 0.61 37.7
10 70 58 1.5 38.7
2.4 1.9 0.016 118.8

COOH

All studies were conducted using DL-glyceraldehyde as substrate as described in Materials and
Methods. Values are the means of 3-6 determinations. Selectivity for aldose reductase inhibition was
estimated by comparing the ratio of the ICs, values of purified RKALR/RLAR.
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aldose reductase inhibition increased to a 6-fold
difference with 2-methyl-6-fluorospirochroman-
4,5'-imidazolidine-2’ ,4'-dione (M79175); (3) and
2- (3',4'-dihydroxyphenyl)- 3,5,7- trihydroxy- 4- oxo-
4H-chromen (quercetin; 4). A 14-fold difference
in selectivity was observed with tetramethylene
glutaric acid (TMG; 5). This difference increased
to 22-fold with N-([5-(trifluoro-methyl)-6-methoxy-
1-naphthalenyl]-thioxomethyl)-N-methylglycine (tol-
restat; 6), and ca. 28-fold selectivity was observed
with 2'-hydroxy-3’-carboxy-5'-nitro-oxanilic acid,
ethyl ester, (7) and S-6-fluorospirochroman-4,5'-
imidazolidine-2’,4'-dione (sorbinil; 8). Substitution
of a 3-rhamnosyl moiety to quercetin (4) to form
quercitrin  (9) increased selectivity for aldose
reductase to 38-fold, and this selectivity was similar
to that observed for alrestatin (10). The greatest
selectivity (119-fold) for aldose reductase inhibition
was observed with 3-(4-bromo-2-fluorobenzyl-4-oxo-
3-phthalazine-1-ylacetic acid (Ponalrestat, Statil;
11).

Since aldehyde reductase not only catalyzes the
NADPH-dependent reduction of aldehydes but also
catalyzes the NADP*-dependent oxidation of L-
gulonic acid to D-glucuronate, the ability of aldose
reductase inhibitors to inhibit this oxidative step was
also investigated with a series of inhibitors currently
undergoing clinical evaluations. Examination of
Al1576 (1), tolrestat (6), sorbinil (8), and Ponalrestat
(11) revealed that both the reductive and oxidative
steps were equally inhibited by these aldose
reductase inhibitors (Table 2). Kinetic studies of the
reduction of glyceraldehyde by rat kidney aldehyde
reductase indicated that the inhibition by aldose
reductase inhibitors was uncompetitive at low con-
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centrations of inhibitor and mixed-type (intersecting
noncompetitive) at higher concentrations (Fig. 1).
Inhibition kinetics with alrestatin and sorbinil have
been observed to be noncompetitive with glu-
curonate in human brain aldehyde reductase [3] and
uncompetitive with glucuronate in sheep liver alde-
hyde reductase [6]. On the other hand, the inhibition
by aldose reductase inhibitors of the oxidation of L-
gulonate by rat kidney aldehyde reductase appeared
competitive in nature. To determine if these inhibi-
tors competed with the coenzyme NADPH and
NADP* in the reductive and oxidative steps, respect-
ively, kinetic studies were also conducted in which
the concentration of nucleotide was varied. Uncom-
petitive inhibition was observed in both the reductive
steps with DL-glyceraldehyde as substrate and the
oxidative steps with L-gulonate as substrate. This is
illustrated for sorbinil in Fig. 2.

Inhibition studies utilizing various combinations
and concentrations of these inhibitors were also con-
ducted to determine if aldose reductase inhibitors
interact with rat kidney aldehyde reductase on a
single site or multiple sites (Table 3). Inhibition
studies utilizing Al1576 (1) (0.005 and 0.01 uM),
tolrestat (6) (0.2 and 0.5 uM), sorbinil (8) (0.6 and
1.7 uM) and Ponalrestat (11) (0.4 and 1.0 uM) indi-
cated that the inhibition produced by the various
combinations and concentrations of these com-
pounds was not additive, suggesting that they interact
with the protein at a common site. This premise is
supported by additional kinetic studies with sorbinil
and Ponalrestat. Dixon plots of 1/v versus the con-
centration of one inhibitor at a fixed concentration
of 10 mM glyceraldehyde while the concentration of
the second inhibitor was varied yielded a family

Table 2. Effect of substrate on the inhibition of rat kidney aldehyde reductase by
aldose reductase inhibitors

150 (UM)
Compound pL-Glyceraldehyde L-Gulonate
0\7——N/H
! RN Jso 0.046 0.051
‘ &‘
il
S% NS
C CH,COOH
6 0.24 0.3
wee
CF,
%"
8 "—Nf Ao 1.8 1.8
o
fe) F
Il
11 h 1.9 0.82
ZN
Br

COOH

DL-Glyceraldehyde was reduced by glycerol, while L-gulonate was oxidized to D-
glucuronate. Values are the means of 3-6 determinations.
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Fig. 1. Kinetic studies of purified rat kidney aldehyde reductase in the presence of the aldose reductase
inhibitors Al1576 (1), tolrestat (6), sorbinil (8) and Ponalrestat (11) with DL-glyceraldehyde or L-gulonate
as substrates. Graphs represent Lineweaver-Burk plots from these kinetic studies conducted by varying
the concentration of either substrate in the presence of inhibitor as described in Materials and Methods.

of parallel curves which indicate that sorbinil and
Ponalrestat are mutually exclusive (Fig. 3) [12].

Computer analyses of K; data for these inhibitors
indicated optimal results with only a single binding

site model.

observed
reductase and

Each point is the mean of 3-6 determinations.

DISCUSSION

A number of similarities and differences have been
through detailed

studies of aldose

aldehyde reductase (hexonate



S. SaTo and P. F. KADOR

1038

£'0FY'9S SOF0P9 | 8'OFL'PS | €0FL65 | 0ZF20S
49
(g'6s) {58 r've) (res) {9°09) (6'6¢) 0 O 02'H
gIFL6y | LI1FL6E| 60756 | 90¥6 1P | SOF6ES | SO¥FSLE NN
(9°'€9) o) | (€290 | (8w (z29) ) | (€D uh
LIF1°99 8'0FL6S | 61F5ES | €0F6'19 | 91F6PS | 90FL6S | VIFesY
(8v8) (cz8) (1'99) {0'98) (699) (658} (1e9) | (pew) Ho03
-m Z\
Zzroer | 80Fzye | 22Fies | e2F68e | 0'1F2SS | 60+ LY | LIFVIS | 91F70°GE ;
I}
(1v9) | (ver) {9°19) r'se) €59) {zor) (z's9) (rev) (212) 4 °
wzy) (212) (6'6£) (L'€2) (9ey) (s've) (s'ey) (2°02)
HOOD
30
19 N7 09°H O O
|
__ Sope el
4 o HOOD'HD . Dy S¢
/v..\ s \z .lm/
Y% H [

ase1onpal apAyople Asupry el payund jsureSe 976V
PUE [TUIGIOS SHIOJUEPAY 2Y] PUE J2]1SO1J0] PUER JRIS2I{RUOJ SIOHGIYUT aseponpal asople Sunmiejuoo poe oidxoqies 3y) g sarpnys uonnadwo)) ¢ 2[qe]



1039

Inhibition of aldehyde reductase by aldose reductase inhibitors

"SI0YQIYUI OM) 9y} JO UOHIQIYUI SAIPPE [ed112I05Y} pUR JONQIYUI Yora Jo uoniquyul 1uadrad juasardar sasoyiuared ul sroquinu oy ], “91eiIsqns
se opAyop[er20£[3-1a Suisn SPOYIS]N pUE S[ELISJE]A Ul paquassp se Aeouswojoydonodads padesse sem Ayanoe pue swAzus payund Furureiuod
$9119AND 3y} 01 A[2ANNOSUOD PIPPE 1om SIOUGIU] “%9°¢h T 10°G ‘%S ¥T N §00°0 ‘9LSTIV PUB ‘%S ¢h INF L1 ‘%L °0C INM 9°0 ‘[IU1qI0S 956 °6€
Y S0 %L STINT T'0 “1RISaI[01 94 6h T INTT ' %L TZ M ¥°0 “1BISaIeuOd :a1am paosnpoid uoniquyui 3usdiad pue pasn 1031qIyur Jo SUOLIRIIUIDUOCY)

€0Fr'IL9
(028) (sep)
veIgey| ozFISE
(zr9 (viv) (2°02)
Z1¥2°99 2e'T¥6'29| 0°2ZFEES
(z228) (14£8) €v9)
LORees | 11¥8' Iy | 617825 | 80FZON
(1°69) (o'sy) (089 (zsy)




1040

S. SaTo and P. F. KADOR

(A) DL-Glyceraldehyde (B) L-Gulonate
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Fig. 2. Kinetic studies of purified rat kidney aldehyde reductase in which the concentration of nucleotide

was varied in the presence of 1.5 and 3.0 uM concentrations of the aldose reductase inhibitor sorbinil

(8). (A) Lineweaver-Burk plot of the reductive reaction with 10 mM DL-glyceraldehyde as substrate as

the concentration of NADPH is varied. (B) Lineweaver—Burk plot of the oxidative reaction with 10 mM

L-gulonate as substrate as the concentration of NADP* is varied. The closed circles represent the

reaction in the absence of inhibitor, while the squares and triangles indicate the presence of 1.5 and
3.0 uM sorbinil respectively. Each point is the mean of 3-6 determinations.

(A) Ponalrestat
70 (8 uM)
~ 60 (6 uM)
€ (4 uyM)
= 50 (2 uM)
£ (0 pM)
E 40
°
E 30
S
> 20
T 10
0 —— DU
0 1 2 3 4
Sorbinil (M)
(B) Sorbinil
(4 pM)
(3 uM)
:E: (2 um)
E (1 uM)
E (0 uM)
°
E
3
Z

0 +—— a4 —

0 1 2 3 4
Ponalrestat (UM)

Fig. 3. Dixon plots of (A) 1/v versus the concentration (uM) of sorbinal at fixed concentrations (0, 2,

4, 6 and 8 uM) of Ponalrestat, and (B) 1/ versus the concentration of Ponairestat at fixed concentrations

(0, 1, 2, 3 and 4 uM) of sorbinil. pL-Glyceraldehyde (10 mM) was used as substrate. Each point is the
mean of 34 determinations.
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dehydrogenase), and these have raised questions
concerning their physiological role(s). Similarities
include the monomeric nature of these enzymes,
their partially overlapping substrate specificities, and
their similar utilization of the coenzyme NADPH;
however, they differ in their immunological cross-
reactivities, and distinct physical properties, which
include molecular weights and isoelectric points. Pre-
viously, the aldose reductase inhibitors alrestatin
(10) and sorbinil (8) have been reported to inhibit
aldehyde reductase from human brain [3] and sheep
liver [6], while sorbinil (8) M79175 (3), and Pon-
alrestat (11) have been observed to inhibit crude
aldehyde reductase from bovine retina [5]. In the
present study, the inhibitory susceptibility of rat lens
aldose reductase versus rat kidney aldehyde
reductase for aldose reductase inhibitors has been
directly compared for a series of structurally diverse
inhibitors. This study utilized DL-glyceraldehyde, a
common substrate for both enzymes, in the absence
of organic solvent that can potentially affect the
conformation of either enzyme and subsequently the
inhibitory results (Table 1). The results revealed
that all aldose reductase inhibitors examined also
inhibited aldehyde reductase to some extent and that
this inhibition occurred both in the reductive reaction
as determined with glyceraldehyde as substrate and
NADPH as coenzyme, and in the oxidative reaction
where L-gulonic acid is oxidized to D-glucuronic acid
in the presence of NADP* (Table 2). Unlike aldose
reductase where the susceptibility to inhibition has
been observed to decrease for select aldose reductase
inhibitors such as sorbinil (8) with increased puri-
fication and length of storage time [13], all of these
compounds inhibited the reductive reaction of either
crude or highly purified aldehyde reductase to essen-
tially the same extent. This indicates that either
partially purified or purified aldehyde reductase can
be utilized equally for reproducible screenings of
inhibitor activities. Furthermore, this suggests that
the secondary or tertiary structure of rat kidney
aldehyde reductase remains structurally more stable
upon purification than that of aldose reductase since
the site of interaction between these aldose reductase
inhibitors and rat kidney aldehyde reductase does
not appear to be altered significantly by either puri-
fication or prolonged storage.

Marked differences in the selectivity of these
inhibitors, expressed as the ratio of ICsy values for
rat kidney aldehyde reductase versus rat lens aldose
reductase with glyceraldehyde as substrate, were
observed with selectivity for aldose reductase ranging
from ca. 2-fold for Al1576 (1) to 119-fold for Pon-
alrestat (11). None of the aldose reductase inhibitors
appeared more selective for inhibiting aldehyde
reductase. These results differ from those previously
reported with p-nitrobenzaldehyde dissolvedin 1.3%
(v/v) methanol as substrate, in which the selectivity
of aldose reductase inhibitors for crude bovine retina
aldose reductase versus aldehyde reductase, also
expressed as ICs, ratios, ranged from 1.95 for sorbinil
(8) to < 0.18 for M79175 (3) [5].

Although aldose reductase inhibitors appear struc-
turally diverse, they contain certain structural and
electronic similarities that have been deduced with
the aid of computer modelling and molecular orbital
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calculations. From these studies it has been deduced
that aldose reductase inhibitors possess a primary
and possibly secondary hydrophobic (aromatic)
binding region and a common region that is sus-
ceptible to nucleophilic attack [13-16]. Moreover,
Kinetic and competition studies with purified rat lens
aldose reductase indicate that aldose reductase
inhibitors interact with aldose reductase at acommon
site that is not identical to either the substrate or
nucleotide binding site. Similarly, the present studies
suggest that in the reductive reaction aldose
reductase inhibitors interact with rat kidney aldehyde
reductase at a common region that is not identical
to either the aldehyde substrate binding region or
the nucleotide binding site. Moreover, based on
estimated common pharmacophor requirements for
aldose reductase inhibitors [14], examination of the
structures of the inhibitors in Table 1 suggests that
increased steric bulk in the inhibitor binding region
near the secondary lipophilic site and the “sterically
constrained charge-transfer pocket” favors selec-
tivity of the inhibitors for aldose reductase inhibition.
This is illustrated by the increased selectivity of quer-
citrin (9) versus quercetin (4). On the other hand,
the absence of stearic bulk in this region along with
increased lipophilic binding resulted in increased
selectivity for aldehyde reductase as illustrated by
Al1576 (1) > M79175 (3) > sorbinil (8). Some evi-
dence for the occurrence of a nucleophilic interaction
between aldehyde reductase and the aldose
reductase inhibitors similar to that observed with
aldose reductase inhibitors has also been observed
through limited investigations with affinity labeled
aldose reductase inhibitors [15,16]. Preliminary
studies with isothiocyanato and N-haloacetamido
analogs substituted in the 5-position of alrestatin (10)
indicate that these compounds can also irreversibly
inhibit aldehyde reductase as a result of nucleophilic
attack [17].

Interestingly, kinetic studies of the inhibition of
the oxidation of L-gulonate by aldehyde reductase
indicated that aldose reductase inhibitors were com-
petitive with the substrate. Similar competitive kin-
etics have also been observed in the ability of A11576
(1) to inhibit the rat lens [18] and human placental
[19] aldose reductase mediated oxidation of benzyl
alcohol using the 3-acetylpyridine analog of NADP™*
as cofactor. Although it has not been established
whether substrates being “oxidized or reduced”
interact at the same substrate binding site on either
enzyme, the kinetic results which indicate com-
petitive inhibition in the oxidative step and uncom-
petitive inhibition in the reductive step suggest that
the inhibitors are in closer proximity to substrates
being oxidized than are inhibitors and substrates
being reduced.

The present studies demonstrate clear similarities
between the inhibition of rat kidney aldehyde
reductase and rat lens aldose reductase by aldose
reductase inhibitors, suggesting that inhibition
occurs by similar mechanisms. Nevertheless, sel-
ectivity in the inhibition of aldose reductase versus
aldehyde reductase can be introduced through the
introduction of selective steric substitutions and
altered lipophilicity, indicating that the inhibitor
binding site on each enzyme is different. More
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in Diabetic Complications (Eds. Sakamoto N, Kino-

deiailed studies are required in order to differentiate
shita JH, Kador PF and Hotta N), pp. 72-81. Elsevier

these differences.
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