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Glycationinitiated changes in tissue proteins, which are
triggered by the Schiff base formation between the
sugar carbonyl and the protein —NH,, have been
suggested to play an important role in the development
of diabetes-related pathological changes such as the
formation of cataracts. While the initial reaction takes
place by the interaction of >C=0O of the parent sugars
with the -NH; of proteins, reactive oxygen species
(ROS) dependent generation of more reactive dicar-
bonyl derivatives from the oxidation of sugars also
plays a significant role in these changes, altering the
structural as well as functional properties of proteins.
The purpose of this study was to examine whether the
activities of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH), catalase and superoxide dismutase
(SOD) could be affected by the high levels of fructose
prevalent in diabetic lenses. Incubation of the enzymes
with this sugar led to a significant loss of their activities.
GAPDH was inactivated within a day. This was fol-
lowed by the inactivation of catalase (3—4 days) and
SOD (6 days). The loss of the activities was prevented
significantly by incorporation of pyruvate in the
incubation mixture. The protective effect is ascribable
to its ability to competitively inhibit glycation as well
as to its ROS scavenging activity. Hence, it could play
a significant role in the maintenance of lens physiology
and cataract prevention.
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INTRODUCTION

Hyperglycemia is one of the significant risk
factors in the genesis of senile cataracts in human
diabetics as well as in the formation of true
diabetic cataracts in younger individuals.!'~*
The mechanism by which the elevated level of
glucose contributes to such cataract development
remains unsettled. One of the major proposed
mechanisms suggests that it involves non-
enzymatic glycation of lens crystallins."* " This
can also have an adverse effect on the structure
of enzymatic proteins, leading to a loss of their
activities.” ' Studies on the senile cataractous
lenses isolated from human diabetics have shown
a significant elevation in the levels of fructose,
the end product of the polyol pathway.!'~'¥
Several studies in this and other laboratories
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have demonstrated that this metabolite is a more
potent glycating agent than glucose."* ! It has
also been demonstrated that among the various
physiological sugars, fructose undergoes a more
rapid auto-oxidation, generating reactive oxygen
species (ROS).""”! These observations hence sug-
gest that the accumulation of high levels of this
sugar in the lens associated with diabetes and
aging could participate in cataract formation via a
direct ROS dependent oxidative stress as well as
via glycation. The dissection of the relative impor-
tance of the two processes, however, is difficult
because ROS are also involved in accelerating the
glycation reaction. (18]

We have previously shown that pyruvate is an
effective scavenger of H,O, as well as of O},
thereby protecting the lens against oxidative
stress and consequent cataract formation, under
in vitro as well as in vivo conditions."” 2! Pyr-
uvate has also been shown to protect the lens
proteins against glycation by competitively inhib-
iting the initial reaction between the sugar car-
bonyl and the protein —NH,.**! The purpose of
the present study was to determine the effect of
fructose at levels prevalent in the diabetic lens on
the activities of certain enzymes involved in pro-
tecting the tissues against oxidative damage, such
as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), catalase and superoxide dismutase
(SOD). The studies were also undertaken to assess
the possibility of modulation of such deactivation,
if any, by pyruvate, a compound produced in the
glycolytic pathway and known to scavenge
ROS.1"9-22I The results demonstrate that the above
defence enzymes are substantially inactivated on
incubation with fructose and such deactivation is
significantly preventable by pyruvate.

MATERIALS AND METHODS

All the chemicals were purchased from Sigma
Chemical Company, St. Louis, MO. U-"C-fruc-
tose was obtained from New England Nuclear
Company, Boston, MA.

Inhibition of GAPDH Activity by Fructose

The enzyme activity was determined by measur-
ing spectrophotometrically the generation of
NADH from NAD" in the presence of DL-
glyceraldehyde-3-phosphate (DL-GAP) as sub-
strate. Briefly, 10 U/ml rabbit muscle GAPDH
(0.125mg/ml protein, Sigma #28H7818) was
incubated at 37°C with various concentrations of
fructose (0—-25 mM) in 50 mM sodium phosphate
buffer, pH 7.2, for various time periods. Following
the incubation, 20 pl of the incubated enzyme was
added to a cuvette containing 2.88 ml of reaction
mixture consisting of 0.015M sodium pyropho-
sphate (pH 8.5), 0.03M sodium arsenate, and
7.5mM NAD™. The initial absorbance at 340 nm
was recorded. Then 0.1 ml of 15 mM DL-GAP was
added to the cuvette and the resulting increase
in the absorbance at 340 nm due to NADH forma-
tion recorded for 5min. The deactivation of
the enzyme on incubation with fructose was
expressed as the percentage of the basal activity
obtained from the samples incubated without
fructose. Addition of the blank incubation mix-
ture containing fructose without the enzyme
when added to the assay mixture had no effect
on the GAPDH activity.

In other experiments, the GAPDH and fructose
mixture was incubated in buffer containing either
catalase (5 U/ml), SOD (10 U/ml), DTPA (1 mM),
pyruvate (1mM), sodium chloride (1mM), or
heat-inactivated catalase (GU/ml) and SOD
(10U/ml), and the enzyme activity measured
subsequently, as described above.

In order to assess the possible involvement of
the oxidation of —SH in GAPDH deactivation,
experiments were carried out to determine —~SH
levels before and after its incubation with fructose
using DINB (2,2-dithio-bis-5-nitropyridine)
reagent.[24]

Binding of *C-Fructose to GAPDH

GAPDH (0.4mg/ml) was incubated at 37°C
in 50mM sodium phosphate buffer, pH 7.2,
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containing U-"*C-fructose as a tracer with increas-
ing levels of the cold fructose (0-10mM). The
incubation was continued for 9 h. Incubation mix-
tures (0.3 ml) were then taken out and the pro-
teins precipitated by adding 0.3ml of cold 20%
trichloroacetic acid (TCA). The precipitate was
washed by centrifugation with 1ml of 5% TCA
three times. The residue was then dissolved in
100pl of 1M NaOH, transferred to a liquid
scintillation cocktail and the amount of fructose
bound to the protein was determined by measur-
ing the radioactivity. The specific activity of
fructose was also determined simultaneously.

To determine the inhibition of fructose binding
to the enzyme by pyruvate, the enzyme was pre-
incubated with pyruvate (0-10mM) for 30 min
prior to the addition of U-**C-fructose. The mix-
ture was then incubated for an additional 9h
and fructose bound to the protein determined as
above.

Inhibition of Catalase and SOD by Fructose

Catalase activity was determined by monitoring
the decrease in absorbance at 240 nm resulting
from the decomposition of H>O5. Briefly, 500 U of
bovine liver catalase (200 pg/ml protein, Sigma
#88F7185) were incubated with various concen-
trations of fructose (0—30 mM) in 0.05M sodium
phosphate (pH 7.2) at 37°C in a total volume of
1ml. A blank experiment was also conducted with
the buffer incubated with fructose. The incubated
enzyme (20 pl) or blank was taken out at various
incubation times and added to 2.98 ml of an assay
mixture containing 14 mM H»0O, in 0.05 M sodium
phosphate buffer, pH 7.2. The decrease in the
absorbance at 240nm was recorded for 5min.
Addition of the blank aliquots to the assay mix-
ture had no effect on the measurement of the
enzyme activity. The deactivation of catalase on
incubation with fructose was expressed as the
percentage of control where the enzyme was
incubated without fructose.

The deactivating effect of fructose on SOD was
also determined by incubation of the enzyme with

and without fructose as described above. Briefly,
200U of human erythrocyte SOD (80 ug/ml pro-
tein, Sigma #85F9345) were incubated with var-
ious concentrations of fructose (0-40mM) in
0.05M potassium phosphate (pH 7.8) containing
100 uM EDTA at 37°C. The incubation volume was
1Iml. At indicated times, 20 ul of the aliquot was
taken out and added to 3 ml of a reaction mixture
containing 0.05 M potassium phosphate (pH 7.8),
100 uM EDTA, 10 pM ferricytochrome cand 50 uM
xanthine. The reaction was started by adding
0.03U of xanthine oxidase and the rate of the
reduction of ferricytochrome c¢ monitored at
550 nm for 5 min. The deactivating effect of fruc-
tose was expressed as the percentage of the
enzyme activity obtained from the sample incu-
bated without fructose. Since fructose liberates
small amounts of O during incubation, a
correction for its effect on the measurement of
SOD activity was also made by running a separate
experiment using buffer incubated with fructose
alone. This correction ranged from 0 to 10%, (0 to
day 6 of incubation).

To determine if pyruvate can prevent the
fructose induced deactivation of the above anti-
oxidant enzymes, incubations as described above
were also conducted in the presence of sodium
pyruvate (0—10 mM).

RESULTS

The possibility of deactivation of GAPDH upon
its exposure to fructose at levels prevalent in
certain diabetic tissues, such as the lenses isolated
from diabetic individuals (cataract), is apparent
from the data summarized in Figure 1. As indi-
cated therein, the loss in activity was significant
(~46%) in the presence of 10mM fructose after
12 h incubation. The loss in activity without fruc-
tose was less than 10%. The decrease was propor-
tional to the concentration of fructose as well as to
the time of incubation. As shown in Figure 2, the
deactivation of the enzyme that occurred follow-
ing its incubation with fructose was prevented
by pyruvate.
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FIGURE 1 Loss of GAPDH activity on incubation with
fructose: 10U/ml of GAPDH were incubated in 50 mM
sodium phosphate buffer, pH 7.2 with various levels of
fructose (0-25mM) at 37°C. At indicated times, the enzyme
activity was determined spectrophotometrically as described
in the methods. The results (mean+S5D) are expressed as
the percent of controls wherein the enzyme was incubated
without any fructose. n=3.
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FIGURE 2 Protective effect of pyruvate against the loss of
GAPDH activity on incubation with fructose: this was done
by incubating the enzyme with fructose 20mM) at 37°C
for 12h in the absence and presence of various concentra-
tions of pyruvate as indicated. The protocol was similar to
that described in Figure 1. n=3.

To determine if the enzyme deactivation could
also be related to fructation by the reaction
between the enzyme protein —NH, and the keto
group of the fructose or its dicarbonyl derivative,
we measured the incorporation of this sugar into
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FIGURE 3 '"C-fructose binding to GAPDH: GAPDH
(0.4mg/ml) was incubated with U-"C-fructose in 50 mM
sodium phosphate buffer, pH 7.2 containing cold fructose
(0-10mM) for 9h at 37°C and its binding determined as
described in the Materials and Methods. Mean £+ 5D, = 3.

the enzyme by incubating it with U-"*C-fructose.
As shown in Figure 3, significant incorporation of
fructose into the enzyme was observed. Addition
of cold fructose (1 mM) resulted in about 60%
inhibition of the process. The precise reason for
only a partial inhibition of *C-fructose binding
with the cold fructose is not yet clear. Several
kinetic and structural factors could be involved;
such as the reversibility of the initial glycation
reaction, conversion of the fructated protein to
Amadori and AGE, and simultaneous generation
of O3 from fructose.

Whether this binding of fructose to GAPDH
could be inhibited by pyruvate was examined ina
subsequent experiment. In this experiment, the
enzyme was pre-incubated with pyruvate and
then challenged with fructose as described above.
The results summarized in Figure 4 demonstrate
that the binding of fructose was indeed inhibited
significantly, the extent of inhibition being about
50% with levels of pyruvate of 0.2—1mM. These
levels were similar to the levels of pyruvate
showing a substantial prevention against the loss
of the enzyme activity caused by its incubation
with this sugar.

In a recent study, we have demonstrated that
the loss of fructose-induced glucose-6-phosphate
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FIGURE 4 Inhibition of fructose binding to GAPDH by
pyruvate: GAPDH (0.4 mg/ml) was incubated with fructose
(10mM) containing its U-"*C-analogue in 50mM sodium
phosphate buffer, pH 7.2 at 37°C for 9h in the absence
and presence of pyruvate (0—10mM) and the amount of
fructose bound to the enzyme was determined as described
in the method. n=3. G=GAPDH, F=fructose, P=
pyruvate.
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FIGURE 5 Protective effect of pyruvate and antioxidants
against the loss of GAPDH activity on incubation with fruc-
tose: this was done by incubating the enzyme with fructose
(20mM) at 37°C for 9h in the absence and presence of
various antioxidants as indicated. The protocol was similar
to that described in Figure 1. n=3. G=GAPDH, F=fruc-
tose, P =pyruvate, CAT =catalase, CAT* =inactive catalase,
SOD = superoxide dismutase, SOD* = inactive SOD, DTPA =
diethylene triaminepentaacetic acid, NaCl = sodium chloride.

TABLE I Oxidation of —SH group in GAPDH: prevention by antioxidants

GAPDH GAPDH+ GAPDH~+ GAPDH-+ GAPDH+ GAPDH+
fructose fructose+ fructose+ fructose+ fructose+
SOD catalase pyruvate DTPA
% of —SH* 100 485+6.2 84.14+54 94055 93.7 7.8 111.8+12.5

*-SH content in GAPDH is expressed as the percentage of the basal ~SH group present in the enzyme incubated without fructose.
GAPDH (0.8 mg/ml) was incubated with 20mM fructose in the absence and presence of SOD (10 U/ml), catalase (5U/ml),
pyruvate (1 mM) and DTPA (1 mM). The incubation was carried out at 37°C for 9 h and the —-SH content was determined by reaction
with DTNB. The loss in the —~SH content of the enzyme incubated without any fructose was less than 10%, when compared to fresh

enzyme preparation. Mean 4+ SD, n=3.

dehydrogenase (G6PDH) activity is also attri-
butable to the ROS generated during the sugar
auto-oxidation.'”! Hence, further studies were
undertaken to examine whether the loss of
GAPDH activity associated with its incubation
with fructose could be prevented by some ROS
scavengers such as catalase and SOD, and DTPA,
an agent that inhibits OH® formation by chelating
reactive metal ions. As shown in Figure 5, all the
compounds were found to be protective. Heat-
inactivated catalase and SOD did not protect. The
results hence suggest that GAPDH inactivation
is predominantly caused by ROS, which can be

generated directly during oxidation of fructose!”’

as well as of the fructated protein.”® Both are
known to generate O, albeit the Amadori is
supposed to be more potent in this regard. NaCl,
used as a negative control, had no effect.

As shown in Table I, the —SH content of
GAPDH also decreased on incubation with fruc-
tose. The decrease was preventable by SOD, cata-
lase, DTPA, as well as pyruvate. The latter also
prevented the enzyme deactivation.

Subsequent studies were undertaken to deter-.
mine the possible deleterious effect of fructose on
the activity of the primary antioxidant enzymes
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FIGURE 6 Loss of antioxidant enzyme activity on incuba-
tion with fructose: A. catalase; B. SOD. At indicated times,
the enzyme activity was determined spectrophotometrically
as described in the methods. The results (mean+£5D) are
expressed as the percent of controls wherein the enzyme
was incubated without any fructose. n=3.

themselves and the possibility of preventing such
damage by pyruvate. As summarized in Figure 6,
catalase as well as SOD did lose their activities
significantly on incubation with fructose. The
extent of the deactivation depended on the fruc-
tose concentration as well as the time of incuba-
tion. Fresh fructose when added to the assay
mixture had no significant effect on the assay
procedure. However, blanks consisting of the
incubation mixture containing the buffer and
fructose without the enzyme seemed to increase
the rate of the reduction of ferricytochrome cin the
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FIGURE 7 Protective effect of pyruvate against loss of
antioxidant enzyme activity on incubation with fructose:
this was determined by incubating the enzymes with fruc-
tose (20mM) at 37°C in the absence and presence of pyru-
vate as indicated. Catalase was incubated for 3 days and
SOD for 6 days. The protocol was similar to that described
in Figure 6. n=3.

SOD assay by approximately, 10%. A correction
for this was hence made. Pyruvate protected
against the deactivation of these antioxidant
enzymes caused by fructose (Figure 7).

DISCUSSION

Several studies suggest that oxidative stress
concomitant to the generation of ROS is poten-
tially involved in the pathogenesis of age-related
diseases. Recently, it has been demonstrated that
auto-oxidation of fructose generates ROS in the
presence of trace metals.""”?°) In the present study,
we demonstrate that excessive accumulation of
fructose in the tissue can lead to the deactivation
of several important metabolic and antioxidant
enzymes. GAPDH is an important enzyme in the
glycolytic pathway. Since lens is a relatively an-
aerobic tissue, the activity of this enzyme is critical
in the maintenance of tissue bioenergetics and
lens transparency. Maintenance of its Cys'* in the
reduced state is essential for GAPDH catalytic
activity.”® The importance of the Cys —SH for the
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activity of the enzyme is proven by its deactiva-
tion on storage in air or reaction with H,O, and its
reactivation by treatment with reducing thiols.”*”!
Hence, the ROS generated from auto-oxidation
of fructose was considered to be potentially
damaging. Indeed, it was found that —SH content
in GAPDH incubated with fructose does
decrease. In line with this, the activity of this
enzyme also decreased substantially on incuba-
tion with this sugar atlevels prevalent in the senile
cataracts isolated from diabetic individuals. That
the primary effect of fructose is exerted via the
ROS generation was apparent from the preventive
effect of SOD, catalase and DTPA.

The protective effect of SOD could be attribu-
table to its effectiveness in scavenging super-
oxide, which is produced by the reaction of trace
metals with oxygen. The protective effect of cata-
lase and DTPA is consistent with the hypothesis
that the actual damaging agent is OH® produced
by Haber—Weiss reaction. Interestingly, however,
the data from the present study suggest that
these antioxidant enzymes are also susceptible
to fructose-induced deactivation. Such deactiva-
tion of these antioxidant enzymes would lead to
excessive ROS levels in the tissues. Fortunately,
the deactivation of these protective enzymes by
fructose took a longer time, in comparison to
G6PDH!"”! and GAPDH.

The concentration of fructose is relatively high
also in the normal lens as compared to most other
body tissue.? This has been attributed to a relat-
ively higher activity of the polyol pathway in this
tissue, which converts glucose first to sorbitol and
then to fructose.””®! The kinetic parameters of the
enzyme in human lens are such that the conver-
sion of sorbitol to fructose is faster than the
formation of sorbitol from glucose.”" This results
in a lower accumulation of sorbitol and a higher
level of fructose. The situation is exacerbated
further in diabetes, when fructose concentration
in the human lens can be as high as 15 mM.!"' =13
Hence it is conceivable that high levels of fructose
in the diabetic lens can participate in the enhance-
ment of the multifactorial cataractogenic process.

In view of the above observations, it is likely that it
may do so by generating ROS as well as by gly-
cating the structural and enzymatic lens proteins.
The preventive effect of pyruvate against oxida-
tive damage to the enzymatic and nonenzymatic
proteins as well as against their glycation is hence
interesting from the viewpoint of cataract preven-
tion. The compound has previously been shown
to prevent oxidation induced cataract formation
initiated by sodium selenite administration.’*? In
addition, it has been shown to attenuate cataract
formation in rats fed with high amounts of gal-
actose."”*?" The preventive effect of pyruvate can
hence be attributed to its scavenging of ROS and
consequent inhibition of the conversion of the
initial glycated protein to AGE, as well as to the
inhibition of the conversion of fructose to its
dicarbonyl derivative (osone). The latter are much
more potent glycating agents. These finding
therefore lend further support to the hypothesis
that pyruvate could be useful in maintaining the
action of metabolic as well as primary antioxidant
enzymes necessary to prevent tissues against
pathophysiological damage caused by excessive
ROS generation in diabetic and nondiabetic
situations.
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