Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11

For personal use only.

Free Rad. Res., Vol. 29, pp. 315-320
Reprints available directly from the publisher
Photocopying permitted by license only

© 1998 OPA (Overseas Publishers Association) N.V,
Published by license under

the Harwood Academic Publishers imprint,

part of The Gordon and Breach Publishing Group.
Printed in Malaysia.

Fructose Induced Deactivation of Glucose-6-Phosphate
Dehydrogenase Activity and its Prevention by
Pyruvate: Implications in Cataract Prevention

WEI ZHAO, P.S. DEVAMANOHARAN and SHAMBHU D. VARMA*

Departments of Ophthalmology and Biological Chemistry, School of Medicine, University of Maryland,

Baltimore, MD 21201, USA
Accepted by Prof. B. Halliwell
(Received 20 March 1998; In revised form 4 June 1998)

Glucose-6-phosphate dehydrogenase (G6PDH) is an
important lens enzyme diverting about 14% of the
tissue glucose to the hexose monophosphate shunt
pathway. The main function of such a pronounced
activity of the enzyme is to support reductive bio-
syntheses, as well as to maintain a reducing environ-
ment in the tissue so as to prevent oxy-radical induced
damage and consequent cataract formation. Sugars are
one of the well-known cataractogenic agents. Several
reports suggest that the cataractogenic effect of the
sugars in diabetes as well as in normal aging is initiated
by the glycation of the proteins including the enzymes
and subsequent formation of more complex and bio-
logically inactive or harmful structures. In a diabetic
lens the concentration of fructose exceeds significantly
the concentration of glucose, suggesting that the con-
tribution of fructosylation may be greater than that
of glucosylation. These studies were undertaken to
examine further the possibility that in addition to
glycation, generation of oxygen free radicals by
fructose and consequent oxidative modifications in
certain enzymes may be an important participant in
the cataractogenic process. This hypothesis was tested
by using G6PDH. The enzyme was incubated with
various levels of fructose (0-20mM) and its activity
determined as a function of time. This led to a
significant loss of its activity, which was prevented by
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superoxide dismutase, catalase, mannitol and myo-
inositol. Most interestingly, pyruvate at levels between
0.2 and 1.0mM also offered substantial protection.
Hence, the results, while elucidating further the
mechanism of enzyme deactivation by sugars such as
fructose, also demonstrate the possibility of therapeu-
tic prevention of cataracts by pyruvate and other such
keto acids, in diabetes and other disabilities involving
oxygen free radicals in the pathogenetic process.
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INTRODUCTION

Earlier studies have demonstrated that the ocular
lens has a very active hexose mono-phosphate
shunt activity. This is apparent by the high ratio of
the 1-'*C-glucose derived 'CO, to 6-*C-glucose
derived CO,."! The initial enzyme responsible
for this high activity is glucose-6-phosphate
dehydrogenase (G6PDH)."”! Functionally, one of
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its main roles is to maintain adequate levels of
NADPH, required in reductive biosyntheses.
In addition, it is important for preventing reac-
tive oxygen species (ROS) dependent oxidative
damage to the lens and other tissues through its
integration with the glutathione (GSH) redox
cycling process involving glutathione reductase
and glutathione peroxidase.’>*

The activity of this enzyme is known to
decrease with aging as well as cataract forma-
tion.5#! In a recent study, the enzyme has been
reported to lose its activity by its glycation with
fructose.”! Earlier studies have demonstrated
that the concentration of this sugar increases
from <1mM in a normal lens to ~10-15mM in
a diabetic lens.’®*!

Since fructose is more unstable in comparison
to other sugars such as glucose and galactose, the
deactivation of the enzyme by this sugar can also
be due to the ROS generated during its auto-
oxidation and their consequent deleterious effect
on the enzyme structure and function. That fruc-
tose is more readily auto-oxidized in comparison
to other sugars is apparent from the change of its
color from white to pale yellow on exposing it to
air and on long storage. The possibility that ROS
generated from fructose by its auto-oxidation
might also contribute to the enzyme deactivation
was, therefore considered. The ROS generated by
the Amadori product of the enzyme may also be
destructive. Overall, ROS could be playing an
important role in sugar induced deactivation of
various enzymes including that of GGPDH. This
hypothesis has been verified. Incubation of the
enzyme with fructose at levels prevalent in
diabetic lens led to a pronounced loss of its
activity. This has been found to be preventable
by superoxide dismutase (SOD), catalase and
mannitol. In addition, pyruvic acid has also been
found to be highly preventive. The latter findings
are also considered important from the viewpoint
of understanding the role of normal metabolism
against the pathogenesis of cataracts and the
development of future physiologically compa-
tible anticataract agents.

MATERIALS AND METHODS

All the chemicals were purchased from Sigma
Chemical Company, St. Louis, MO 63178.

Measurement of the Inhibition of G6PDH
by Fructose

The effect of incubating GGPDH with fructose on
its enzymatic activity was determined by mea-
suring spectrophotometrically (ODs4) the gen-
eration of NADPH from NADP™ in the presence
of glucose-6-phosphate (G6P).””) Briefly, 0.5 units
of G6PDH (Sigma #Lot 47H8010) were incubated
with various concentrations of fructose (0-
20mM) and 0.43mM NADP™ in 0.1 M sodium

phosphate buffer, pH 7.4 at 37°C for 0, 4 and

6 h. The volume of incubation mixture was 1 ml.
Subsequently, magnesium chloride (6.7 mM) was
added to the above mixture raising the volume
to 29ml. 0.1ml of G6P (1mM) was then
added and the generation of NADPH followed
for 5min. The effect of fructose on the activity
was expressed as the percentage of the basal
activity obtained in the absence of fructose.
Additional experiments were conducted to rule
out the possibility of NADP" degradation by
incubation with fructose and consequently a false
appearance of the enzyme inactivation. Hence,
in these studies NADP* was added after the
enzyme was pre-incubated with fructose alone
and then its activity determined. Also, experi-
ments were conducted wherein NADP* was
incubated with fructose (20 mM) prior to its use
in the enzyme assay.

To determine the role of ROS in fructose-
dependent loss of G6PDH activity, 0-5 units
of catalase or 0-15 units of SOD were added to
the incubation mixture containing 20mM fruc-
tose. Mannitol (0-30mM) was also used to
study the effect of OH®. The protective effect
of pyruvate (0-1mM) was also similarly
determined.

The production of O;” by fructose as well as
glucose and galactose as reference sugars was
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ascertained by incubating these sugars with ferri-
cytochrome ¢ and measuring the O3~ dependent
reduction spectrophotometrically at 550 nm.
Ferri-cytochrome ¢ (20 pM) in 0.1 M sodium phos-
phate buffer, pH 7.4 was incubated in 3ml
cuvettes at 37°C in the absence or presence of
the above sugars and the reduction of ferri-
cytochrome ¢ monitored as a function of time.
The concentration of fructose was varied between
0 and 20 mM. Glucose and galactose were used at
a fixed concentration of 20 mM. That the reduc-
tion of ferri-cytochrome c in the presence of the
sugars was O~ dependent was affirmed by
observing the inhibition of the process by SOD.

RESULTS

Data demonstrating the inhibitory effect of
fructose on G6PDH activity are summarized in
Figure 1. The activities were determined at 0, 4
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FIGURE 1 Loss of G6PDH activity on incubation with
fructose: 0.5 units of G6PDH were incubated in 1ml of
0.1M sodium phosphate buffer, pH 7.4 containing 0.43 mM
NADP™" and fructose (0-20mM) at 37°C in 3ml cuvettes.

- The final incubation volume was 1ml. At indicated times,

the enzyme activity was determined spectrophotometrically
by following an increase in OD 340nm due to NADPH
generation, after the addition of magnesium chioride and
G6P as described in the methods. The results (meanz+
standard deviation) are expressed as the percent of controls
wherein the enzyme was incubated without any fructose.
N =4 in each case.

and 6 h after incubation with fructose. The loss of
activity was proportional to the time of incuba-
tion as well as to the fructose concentration. The
activity decreased to about 50% of the controls in
6h in the presence of 12mM fructose. A similar
inhibition took place only in 4h if the sugar
concentration was raised to ~20 mM. However,
in these experiments the enzyme was incubated
with fructose and NADP* together. Hence, it
was possible that the observed inhibition may be
due to the degradation of NADP* by fructose,
instead of the enzyme deactivation. Hence,
further experiments were carried out in which
the NADP* was added after the initial incubation
of G6PDH with fructose. Inhibition of G6PDH
was observed again, suggesting that the loss of
enzyme activity is attributable to the effect of
fructose on the enzyme per se. Additional experi-
ments demonstrated that NADP* is not de-
graded to any significant extent by incubation
with fructose.

The concentrations of fructose used in these
experiments are also similar to those prevalent in
a diabetic rat lens.®® Human diabetic lens
fructose level is about 10 mM.""®" The findings
are hence considered physiologically relevant.

To determine if the loss of the enzyme activity
is attributable to the production of O™ and its
derivatives generated by auto-oxidation of fruc-
tose, we determined the relative effectiveness of
fructose in reducing ferri-cytochrome c. As
summarized in Figure 2, such a reduction is quite
measurable. The process is dose and time depen-
dent. The range of fructose concentrations and
the periods of incubation, were both similar to
those used in Figure 1 showing the loss of enzyme
activity. It was interesting to note, however, that
the reduction of ferri-cytochrome ¢ by glucose or
galactose, even at 20 mM concentration, was very
small if any, in comparison to fructose. That the
reductive process induced by fructose is O3~
dependent was apparent by its inhibition with
SOD (Figure 3). Catalase was not effective. Hence,
further experiments were conducted to examine
if the O}” generated from fructose and its
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FIGURE 2 Superoxide generation by auto-oxidation of
sugars: This was determined spectrophotometrically by fol-
lowing the reduction of ferri-cytochrome c. The sugars at
indicated concentrations were incubated in 1ml of 0.1M
sodium phosphate buffer, pH 7.4 containing 20uM ferri-
cytochrome ¢ at 37°C. The increase in OD 550nm was
measured at indicated times. A blank control was also
run without any sugar. N=3.
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FIGURE 3 Inhibition of the fructose dependent reduction
of ferri-cytochrome ¢ by SOD: 0 or 5 units of SOD were
added to the reaction mixtures as described in the methods
and increase in OD at 550 nm measured. N=3.

derivatives (ROS) were indeed responsible for
inactivating the enzyme per se. This was done by
monitoring the activity of G6PDH as influenced
by fructose, in the presence of SOD, catalase,
mannitol and myo-inositol. As shown in Figure 4,
catalase was protective. The protection was
proportional to the level of the enzyme used.
The same was true with SOD, although in this
case the protection observed was not complete.
The protective effect of SOD however is not due

120

100

% ACTIVITY
3 8

3

[N
(=]

0 025 05 10 50 05 1.0 50 10.0 15.0
CATALASE SUPEROXIDE DISMUTASE (units)

FIGURE 4 Protective effect of catalase and SOD against
loss of G6PDH activity: Catalase or SOD was added to the
reaction mixtures as described in the legend of Figure 1.
N=4 in each case, except for the bar representing 5 units
of catalase, where it is 2.
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FIGURE 5 The effect of the OH® scavengers, mannitol and
myomositol on fructose-dependent loss of G6PDH activity:
The enzyme was incubated as described in Figure 1, but in
the absence or presence of the polyols at indicated levels.
The activities are expressed as percent of the controls. N=4
in each case.

to its possible contamination with catalase as
sometimes occurs. This was evident from the
inability of SOD to decompose H,O,. The effect of
SOD coupled with the full protective effect of
catalase is consistent with the hypothesis that the
actual damaging agent is OH® produced by the
Haber—Weis reaction. In line with this thought,
mannitol and myo-inositol, both were found to be
partially protective (Figure 5). The partial effect of
these agents can be explained on the basis of a
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FIGURE 6 Protective effect of pyruvate against loss of
G6PDH activity on incubation with fructose: This was
determined by incubating the enzyme with fructose in the
absence or presence of pyruvate (0-1mM). The protocol
was similar to that described in Figure 1. N=4 in each
case.

more rapid reaction of the OH® with the enzyme
than with the sugar polyols that are devoid of any
highly reactive site. The ROS scavengers used in
this study do not have have any effect on the basal
G6PDH activity.

Since the previous studies have demonstrated
that pyruvate can also scavenge O;” as well as
H,0,,""**% we determined if it could also effec-
tively prevent the fructose dependent enzyme
deactivation. As shown in Figure 6, this metabo-
lite was indeed very effective. It offered signifi-
cant prevention at a low level of 200uM. By
increasing the concentration to 1 mM, the damag-
ing effect of fructose was completely abolished.

DISCUSSION

Sugar-induced structural modifications in pro-
teins have been suggested to participate in the
genesis of several age dependent as well as dia-
betic manifestations including cataracts.[1416]
The possibility of such modifications increases
with age, because of a decline in body metab-
olism and consequently a greater availability of
unutilized sugars. While several studies exist
on the modification of structural lens proteins

(crystallins) by glycation, studies on the glycation
of the enzymatic proteins are limited. The glyca-
tion of the proteins involves an initial reaction of
their free -NH, groups with either phosphory-
lated or non-phosphorylated sugars forming a
Schiff base. Among the non-phosphorylated
sugars, glucose is the primary sugar available in
the body, but its glycating activity is fairly low. On
the other hand, fructose is much more potent.’#!
This may therefore have a special significance in
those tissues where its concentration is signifi-
cantly high. Such high concentrations occur
primarily in the accessory tissues of the repro-
ductive system such as the seminal vesicles. Its
occurrence in significant amounts in the lens
however is a noticeable exception. For example,
in the normal rat lens its level is approximately
100mg/kg lens weight. In the older lenses it
increases to about 340mg/kg lens.") This
increase may be due the age-related inhibition
of glycolysis and consequent diversion of glucose
into the sorbitol pathway whose activity in the
lens is much more pronounced than in other
tissues, with the exception of certain reproductive
tissues. The concentration of glucose also rises by
about 20% in older lenses. Hence, the significance
of the phenomenon of the fructosylation of
proteins in the lens should be much more than
that of the glucosylation. Additionally, as pre-
viously known, fructose is a more potent glycat-
ing agent. It also undergoes much more rapid
oxidation. This is apparent from a high rate of
ferri-cytochrome ¢ reduction by fructose than
glucose. In line with these properties, the inhibi-
tion of the enzyme was also greater with fructose.
That ROS generation is the primary factor in the
loss of the enzyme activity on incubation with
fructose is proven by the preventive effect of
SOD and catalase as well as the effect of certain
polyols acting as OH" scavengers. Most interest-
ingly, this inhibition is significantly prevented by
pyruvate. We have previously demonstrated that

pyruvate can also competitively inhibit fructosy-

lation of the lens proteins."® Hence one may
interpret that the prevention of the fructose
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dependent loss of G6PDH activity may also be
due to the inhibition of enzyme fructosylation
alone. However, the effective concentration of
pyruvate (1mM) was much lower than the
concentration of fructose (20mM) required for
maximal inactivation. Even at that high fructose
concentration, pyruvate completely prevented
the inhibition of the enzyme. Hence, the com-
petitive inhibition of fructosylation by pyruvate
appears to play a minor role if any in this case.
The results hence clearly demonstrate that pyru-
vate is acting here as an ROS scavenger. The
studies also provide further support to the
hypothesis of cataract prevention by pyruvate
or other ketoacids as suggested earlier.">"!

Acknowledgments

The authors are thankful to the financial support
of NIH through their grant #RO1 EY01292 and
for the support of Research to Prevent Blindness
(RPB), NewYork, through a departmental grant.
S.D.V.is also a receipient of a RPB Senior Scientist
Investigator Award.

References

[1] J.H. Kinoshita and C. Wachtl (1958) A study of the C-
glucose metabolism of rabbit lens. Journal of Biological
Chemistry 233: 5-7.

[2] D. Stetten, Jr. (1954) Glucose synthesis and oxidation in the
alloxan diabetic and cortosone treated rats. In Brook Haven
Symposia in Biology, # 5, pp. 85-93.

[3] S.K. Srivastava, AK. Lal and N.H. Ansari (1980) Defense
system of red cells against oxidative damage. In Red Cell
and Lens Metabolism. Ed. SK. Srivastava, Elsevier, North
Holland Inc., New York, pp. 123-138. )

[4] V.N. Reddy, F.G. Giblin and H. Matsuda (1980) Defense
system of the lens against oxidative damage. In Red Cell
and Lens Metabolism. Ed. SK. Srivastava, Elsevier, North
Holland Inc., New York, pp. 139-154.

[5] A. Dovrat and D. Gershon (1981) Rat lens superoxide dis-
mutase and glucose-6-phosphate dehydrogenase: Studies
on the catalytic activity and the fate of enzyme antigenas a
function of age. Experimental Eye Research 33: 651-661.

[6] .M. Charlton and R. Van Heyningen (1971) Glucose-6-
phosphate dehydrogenase in mammalian lens. Experi-
mental Eye Research 11: 147-160.

[7] E. Ganea and ].J. Harding (1995) Molecular chaperones
protect against glycation-induced inactivation of glucose-
6-phosphate dehydrogenase. European Journal of Biochem-
istry 231: 181-185.

[8] J.F. Kuck, Jr. (1961) The formation of fructose in the ocular
lens. Archives of Ophthalmology 65: 100~106.

[9] S.D. Varma and J.H. Kinoshita (1974) Sorbitol pathway in
diabetic and galactosemic rat lens. Biochimica Biophysica
Acta 328: 632-640.

[10] B.C. Lerner, S.D. Varma and R.D. Richards (1984) Polyol
pathway metabolites in human cataracts. Archives of
Ophthalmolgy 102: 917-920.

[11] S.D. Varma, S.S. Schoket and R.D. Richards (1979)
Implications of aldose reductase in cataracts in human
diabetes. Investigative Ophthalmology and Visual Science 18:
237-241.

[12] $.D. Varma and S.M. Morris (1988) Peroxide damage to
the eye lens in vitro. Prevention by pyruvate. Free Radical
Research Communications 4: 283-290.

[13} S.D. Varma, P.S. Devamancharan and S.M. Morris (1995)
Prevention of cataracts by nutritional and metabolic
antioxidants. Critical Reviews in Food Science and Nutrition
35: 111-129.

[14] V.M. Monnier, V.J. Stevens and A. Cerami (1979) Non-
enzymatic glyosylation, sulphydryl oxidation high
molecular weight aggregates of lens proteins in experi-
mental sugar cataracts. Journal of Experimental Medicine 50:
1098-1117.

[15] RE. Perry, M.S. Swamy and E.C. Abraham (1987)
Progressive changes in lens crystallin glycation and high
molecular weight aggregate formation leading to cataract
development in streptozotocin diabetic rats. Experimental
Eye Research 44: 269-272.

{16] J.V. Hunt, R.T. Dean and S.P. Wolff (1988) Hydroxyl
radical production and auto-oxidative glycosylation. Bio-
chemical Journal 256: 205-212.

[17] J.E. Kuck, Jr. (1965) Carbohydrate metabolism of the lens
in normal and precataractous changes. Investigative
Ophthalmology 4: 638-642.

[18] S.D. Varma, P.S. Devamanoharan and A.H. Ali (1997)
Formation of advanced glycation end products in dia-
betes: Prevention by pyruvate and o-keto glutarate.
Molecular and Cellular Biochemistry 171: 23-28.

[19] M. Henein, PS. Devamanoharan, S. Ramachandran and
S.D. Varma (1992) Prevention of galactose cataracts by
pyruvate. Lens and Eye Toxicity Research 9: 25-36.

[20} S.D. Varma, S. Ramachandran, P.S. Devamanoharan,
S.M. Morris and A.H. Ali (1995) Prevention of oxidative
damage to rat lens by pyruvate in vitro: Possible
attenuation in vivo. Current Eye Research 14: 643-649.

RIGHTS

i,



