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WY 14,643 inhibits human aldose reductase activity
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Abstract

Aldose reductase (AR) is implicated to play a critical role in diabetes and cardiovascular complications because of the reaction
it catalyzes. Our data reveal that peroxisome proliferator WY 14,643, follows a pure non-competitive inhibition pattern in the
aldehyde reduction activity as well as in the alcohol oxidation activity of AR. This finding communicates for the first time a
novel feature of WY 14,643 in regulating AR activity. In addition, this observation indicates that AR, AR-like proteins and
aldo-keto reductase (AKR) members may be involved in the WY 14,643 mechanism of action when it is administered as PPAR

agonist.
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Introduction

One of the major physiological roles of aldose reductase
(AR) is to produce a non-diffusible osmolyte in cells
exposed to hypertonicity, as characterized by the renal
medullary cells of the loop of Henle [1]. AR plays an
important role in the pathogenesis of a variety of
diabetic complications, such as cardiovascular dis-
eases, retinopathy, neuropathy and nephropathy.
These complications are affected by abnormalities in
glucose metabolism, such as an increase in polyol
pathway flux mediated by AR under elevated blood
glucose conditions [2—6]. The conversion of glucose to
sorbitol is catalyzed by AR in polyol pathway. Sorbitol
that is synthesized by AR is transformed to fructose by
the catalysis of sorbitol dehydrogenase (SDH). Under
normal conditions only about 3% of glucose enters the
polyol pathway because a majority of the cellular
glucose is phosphorylated by hexokinase to glucose 6-
phosphate [7]. However, under hyperglycemic con-
ditions, the increased flux of glucose through the polyol

pathway accounts for as much as one-third of the total
glucose turnover because ambient glucose saturates the
hexokinase [1, 5, 8]. The marked rise in intracellular
glucose seen in the diabetes mellitus condition causes
increased production of sorbitol [1, 9]. This increased
flux and accumulation of sorbitol is damaging to cells
and may result in some of the long-term complications
of diabetes [1, 10—12].

In particular the polyol pathway has been implicated
in playing a role in myocardial ischemia-reperfusion
injuries [13—15]. Heart failure is a significant cause of
morbidity and mortality in patients with diabetes [16]
and it’s incidence is increased 2.4-fold in diabetic men
and 5.1-fold in diabetic women [17]. Although, many of
these patients have coexistent hypertension or coronary
artery disease, diabetes further predisposes them to
the development of heart failure [17, 18]. Diabetic
patients also are more prone to develop heart failure as
a result of acute myocardial infarction [19, 20]. WY
14,643 (Figure 1) is a specific peroxisome proliferator-
activated receptor a (PPARa) agonist with strong
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Figure 1. Chemical structure of 4-Chloro-6-(2,3-xylidino)-2-

pyrimidinylthioacetic acid, also known as WY 14,643, Pirinixic acid.

hypolipidemic effects. Here we show that WY 14,643
(Figure 1) is capable of inhibiting human AR activity.

Materials and methods

Reagents, 2-mercaptoethanol, 3-acetylpyridine ade-
nine dinucleotide phosphate (3-APADP™"), DL-gly-
ceraldehyde, imidazole, isopropyl B-D-thiogalactoside
(IPTG) and WY 14,643 were obtained from Sigma.
The source of all the other reagents are specified in
parenthesis after their name.

Owver-expression of human AR

Recombinant human AR (hAR) with his-tag was
cloned into the bacterial expression vector pET15b
(Novagen) and was expressed in E. coli BL21 cells
by growing the culture in Luria-Bertani broth
supplemented with ampicillin (50 ug/mL) at 37°C.
AR was induced by the addition of 1mM IPTG
after the culture reached an attenuance (Aggo) of 0.7
—0.8. The cells were harvested by centrifugation,
washed, re-suspended in 50 mM sodium phosphate
buffer (pH 7.0) containing 300 mM NaCl and 1 mM
2-mercaptoethanol, and lysed by sonication for
10 min. The centrifuged supernatant of the soni-
cated cell lysate was passed through 5mlL of Talon
metal affinity matrix (Clontech), and eluted with
50ml of 50 mM sodium phosphate buffer (pH 7.0)
containing 300 mM NaCl, 1 mM 2-mercaptoethanol
and 150mM imidazole. The eluted protein was
dialyzed overnight at 4°C in 50mM sodium
phosphate buffer (pH 7.0) containing 1mM 2-
mercaptoethanol, and the his-tag was removed using
the thrombin cleavage kit (Novagen) as per the
manufacturer’s instruction. The his-tag removed-
hAR was further purified by passing it through the
DEAE Sephadex A25 column. As determined by the
SDS-PAGE and enzyme activity the eluates that
contained the AR were pooled and concentrated
using Amicon Ultra 10,000 MW cutoff membrane
tubes, and the concentration of the enzyme was
adjusted to 100 pM wusing 20mM Tris buffer
(pH 8.5). Coomassie blue-stained SDS-PAGE gels
along with the enzyme activity was used to evaluate
the purity of the protein at each stage of purification.

AR concentration was quantified by the Bradford
method [21].

Enzyme kinetics of aldehyde reduction activity by AR

Aldehyde reduction activity catalyzed by AR was
determined at 25°C by the rate of decrease in the
absorption of NADPH at 340 nm using a Beckman
DU600 model spectrophotometer [22]. Activity of the
enzyme is represented as pmoles of NADPH
oxidized/min/l. The assay mixture contained 0.2 M
potassium phosphate buffer (pH 6.2), 0.05-10 mM
DL-glyceraldehyde, 0—100 pM WY 14,643 (ethanol
was used as the solvent), 0.15mM NADPH and
human AR (0.5 pM, 18 pg/ml).

The inhibition kinetic experiments included mul-
tiple inhibitor concentrations of WY 14,643, starting
from the maximum concentration of [I]o = 100 uM. In
addition several serial dilutions (50.0, 10.0, 5.0, 1.0,
0.5, and 0.1 uM) as well as the negative control
[I1o = 0uM, in the presence of six concentrations
(0.05,0.1,0.5,1.0,5.0 and 10.0 mM) of the substrate
DL-glyceraldehyde were incorporated. Each individ-
ual rate measurement was evaluated in duplicate. At
least three independent determinations were per-
formed for each kinetic constant.

Forward reaction enzyme kinetics data analysis

The Michaelis-Menten constant K,,, the maximum
velocity V. for DL-glyceraldehyde reduction,
and the inhibition constant K; for WY 14,643
were calculated. The untransformed Kkinetic data
calculated from the mean of duplicates were fitted to
a one-substrate Michaelis-Menten Equation (1). To
determine the K corresponding to WY 14,643,
competitive, non-competitive and uncompetitive
models of inhibition were investigated using
Equations (2), (3) and (4), respectively (where v =
rate of reaction, V., = maximum initial velocity for
the uninhibited reaction, K,, = Michaelis constant,
S = substrate concentration, I = inhibitor concen-
tration, K;; = the slope inhibition constant and K;; =
intercept inhibition constant). The K; of WY 14,643
was calculated from the secondary plot of slope values
of the double-reciprocal plot versus inhibitor concen-
tration using the GraphPad Software Prism. Good-
ness of fit was assessed to be 0.9951 using the r” test.

U= Vmax*S/(Km +39) (1)

V= Vmax*S/ {Km(l + I/I<ls) + S} (2)

v = Vmax*S/ {Kn(1+ I/Kis) + 81 + I/Kii)} 3)

U = Vmax*S/ {Km + S(l + I/Ku)} (4)



Enzyme kinetics of alcohol oxidation activity by
human AR

Benzyl alcohol (Aldrich) and 3-APADP™ served as the
substrate and the cofactor, respectively, to establish
the alcohol oxidation activity of hAR. The oxidation of
benzyl alcohol was monitored at 25°C as the rate of
change in the absorption of 3-APADP" at 363 nm
[23, 24] using a Beckman DU600 model spectropho-
tometer. The assay mixture contained (0.1, 0.5, 1.0,
5.0, 10.0 mM) benzyl alcohol, (0, 0.1, 0.5, 1.0, 5.0,
10.0, 50.0, 100.0pM) WY 14,643, 0.10mM
3-APADP" and 0.5 .M hAR in 0.125 M MES-Tris-
Hepes buffer (pH 8.5). The maximum concentration
of [I[lo=100uM WY 14,643 was used in the
experimental design for the reverse reaction. Each
individual rate measurement was estimated in
duplicate. At least three independent determinations
were performed for each Kkinetic constant. The
Michaelis constant K, and the maximum velocity
Vmax for benzyl alcohol oxidation, the inhibition
constant K; and the mode of inhibition for WY 14,643
were calculated following the methods described for
the aldehyde reduction reaction.

Results and discussion

The reaction catalyzed by AR plays a crucial role in
conditions such as hyperglycemia. Under high glucose
conditions the majority of the glucose follows through
the polyol pathway in which the rate determining step
is the AR catalyzed reaction. The K, waprH,DI-
glyceraldehyde) and I<cat DL-glyceraldehyde values for the
uninhibited forward reaction catalyzed by hAR were
0.092 = 0.01mM and 45.5 = 7min_ ', respectively.
For WY 14,643, the K; (1.8 pbM) = K (1.8 uM) for
the forward reaction, indicating that WY 14,643
follows the classical non-competitive pattern of
inhibition with respect to the reduction of DL-
glyceraldehyde by the recombinant hAR (Figure 2).

The reverse reaction, or the alcohol oxidation activity
catalyzed by hAR, was determined using benzyl alcohol
as the substrate and 3-APADP™ as the cofactor. The
Ko (3-APADPs benzylalcohoy Was 1.72 £ 0.14mM and
the kcarbenzylalconot Was 14.4 = 0.5 min~ ! mM™! for
the hAR-catalyzed uninhibited reverse reaction (alco-
hol oxidation). For WY 14,643, K;; and Kj; for the
reverse direction were 1.67 wM and 1.63 uM, respect-
ively. This implies that the inhibition pattern of WY
14,643 follows a pure non-competitive mode in the
reverse reaction (Figure 3).

The pure non-competitive inhibition pattern shown
by WY 14,643 in the forward as well as the reverse
reactions catalyzed by AR indicates that complex
formation is not affected by the substrate concen-
tration. WY 14,643 could bind to AR or AR-
NADPH-'DL-glyceraldehyde complex at a location
other than the catalytic site. DIL-glyceraldehyde
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Figure 2. Lineweaver-Burk plot for the rate of reduction. Double
reciprocal plot of the rate of reduction of DL-glyceraldehyde in the
presence of various concentrations ([J - No inhibitor; X - 0.1 pM;
A —-0.5pM;+ —1.0uM; 0 —5.0 pM; ® —10.0 .M; B —50.0 uM
and A —100.0 uM) of WY 14,643. Error bar for 10.0 wM curve is
not visible because of the size and the shading of the symbol @.

binding may be unaltered, but the AR-NADPH-DL-
glyceraldehyde-WY 14,643 complex cannot reduce
the aldehyde like the AR-NADPH-DL-glyceraldehyde
complex. Similarly the AR-NADP"Benzyl alco-
hol'WY 14,643 complex will have limitations in
oxidizing the alcohol. Considering the fact that both
the forward and the reverse reactions catalyzed by AR
require a cofactor, WY 14,643 is anticipated to alter
the equilibrium between the cofactor-free AR,
ARNADPH complex and AR-NADP" complex.
This suggests that derivatives of WY 14,643 may
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Figure 3. Lineweaver-Burk plot for the benzyl alcohol oxidation
reaction of AR in the presence of WY 14,643. Double reciprocal plot
of the rate of oxidation of benzyl alcohol in the presence of various
concentrations ((J - No inhibitor; X —0.1uM; A —0.5 pM; +
-1.0pM; O —5.0pM; @ —10.0pM; B —50.0pM and A
—100.0 M) of WY 14,643.
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have inhibitory effects on the activity of AR, AR-like
proteins and AKR protein members. WY 14,643
belongs to the class of peroxisome proliferators and is
considered a fibrate analog. However the chemical
structure of WY 14,643 is unrelated to fibrates with
the exception of the carboxylate moiety. We have
previously shown that several members of fibrates are
capable of inhibiting AR activity [24].

Inhibition of AR activity is known to protect the rat
heart from ischemic injury and improve functional
recovery upon reperfusion [13, 25, 26]. Furthermore
studies have shown that inhibition of AR increases
myocardial glycolysis as well as glucose oxidation in
rats. These changes were also associated with
attenuation of the cytosolic NADH/NAD™ ratio as
well as reducing the obstruction of GAPDH function
[26—-28]. It is known that the myocardium is primarily
dependent on glycolysis to meet its energy demands
during ischemia. Furthermore, improving glucose use
is critical for rescuing ischemic myocardium [29, 30].
Moreover hypertrophied heart has increased reliance
on glucose as a fuel and depresses fatty acid oxidation,
which is the dominant energy source for the normal
heart [31-33]. A key regulator of this substrate
switching in the heart is postulated to be PPARa [34].
Also, WY 14,643 increases fatty acid oxidation by
increasing transcription of genes encoding peroxiso-
mal and mitochondrial fatty acid B-oxidation enzymes
[35]. Moreover the ligand of PPARa, WY 14,643,
causes a substantial reduction of myocardial infarct
size in the rat [36]. A large fraction of potentially
eligible diabetic subjects with long-standing diabetes
and peripheral neuropathy were found to have
baseline cardiac functional abnormalities. This obser-
vation highlights the prevalence of cardiac abnormal-
ities in high-risk diabetic subjects without clinically
evident cardiac disease. The current study indicates
that AR plays a central role in mediating the
mechanism of WY 14,643 action when it is used
under various scenarios presented by diabetes, its
complications and other health conditions. Therefore
AR-mediated pathways may be an added target of
function for the WY 14,643 class of compounds
beyond PPAR intervened action.
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