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SUMMARY 

1. The enzymic reactions which influence the accumulation of sugar alcohols in 
lens were studied. The hexose monophosphate shunt mechanism appears closely 
linked to the aldose reductase (Polyol: NADP oxidoreductase, EC i.i.1.21) reaction. 
It was revealed that as the concentration of glucose in the incubating medium was 
elevated a linear increase in the oxidation of C-I of glucose was accompanied by an 
increase in the production of sorbitol. Galactose also appeared capable of stimulating 
the reoxidation of TPNH formed in the oxidation of C-I of glucose. The stimulation 
of the hexose monophosphate shunt mechanism by the aldose reductase reaction was 
demonstrated in lenses from rabbits, normal rats and rats fed galactose. 

2. The formation of sorbitol is dependent upon a competition between aldose 
reductase and hexokinase (ATP: D-hexose 6-phosphotransferase, EC 2.7.1.1) for 
glucose. The unusally high Michaelis constant observed for aldose reductase indicates 
that normally glucose is phosphorylated and only a small fraction is converted to 
sorbitol. However, since the concentration of hexokinase ;s low in lens, a slight 
elevation of glucose is sufficient to stimulate sorbitol producti,~n. 

3. Unlike sorbitol, dulcitol, is not attacked by polyol dehydrogenase in lens. 
Other properties of polyol dehydrogenase (Polyol: NAD oxidoreductase) and aldose 
reductase were studied in the intact lens and in homogenates. 

INTRODUCTION 

The enzymes of the sorbitol pathway in the lens, first demonstrated by VAN HEY- 
NINGEN 1, may play an important role in the production of sugar cataracts ~-4. Evidence 
has been presented indicating that the accumulation of sugar alcohol formed in the 
sorbitol pathway creates a hypertonic condition within the lens fibers which results 
in aL increase in water. The osmotic effect could conceivably account for the hydropic 
lens fibers observed in the early phase of these cortical cataracts. 

In this report the properties of the enzymes of the sorbitol pathway and the 
various factors which influence sugar alcohol formation are presented. The two 
enzymes involved in the metabolism of sl~gar alcohols are aldose reductase and 
polyol dehydrogenase. Aldose reductase catalyzes the reduction of a number of 
aldoses to their sugar alcohol form in the presence of TPNH. Polyol dehydrogenase 
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withDPN + as the coenzyme catalyzes the oxidation of certain sugar alcohols to their 
corresponding keto sugars. Since the availability of TPNH is essential for sugar 
alcohol formation the interaction between the pathway in which TPNH is generated, 
the hexose monophosphate shunt mechanism, and aldose reductase was also studied. 

METHODS 

The incubation procedures employing the organ-culture technique and radioactive 
methods have been previously described 5-~. The incubating medium was composed 
of r35 mM Na +, 5.5 mM K+,o.6mM Mg~+; xIo mM CI-, 3o mM HC03"-,o.6 mM SO4 e-, 
0.6 mM phosphate and equilibrated with CO S - air (5:95). In the incubation of either 
calf or rabbit lens, a mixture of 9 ml of the above medium and x ml of a solution with 
a tonicity of 3oo mM containing the substrate and/or NaC1 was used. CaCI~ concen- 
tration of 2.2 mM was employed for calf lens and x.o mM for rabbit and rat  lenses. 

For the separation of the sugars, xz separately incubated calf lenses were pooled 
and deproteinized with o.3 N Ba(OH) o and 5 % ZnSO4. The lens filtrate was deionized 
by passage through a column of Amberlite IR-I2o and a column of Amberlite IR-4 B 
(see ref. 8) and then fractionated on a Dowex-x borate column of KHYM AND ZILL 9. 
The borate was converted to methyl borate by treatment with methanol and removed 
in vacuo x°. The isolated sugar was measured by an appropriate color test, carrier 
added and the specific activity determined. The specific activity of the sugars were 
determined as the osazone derivatives or by the wet combustion method 11, while 
the specific activity of the sugar alcohol was determined by the wet combustion 
method. 

Hexitol was determined by the procedure of WEST AND RAPOPORT 12 as modified 
by FAULKNER 13, keto hexose by the method of ROE u, and total hexose by the anthrone 
reaction Is. Sugars and susar alcohols were identified by the paper chromatographic 
procedures employed by VAN HEYNINGEN le. 

The procedures employed for feeding rats a diet rich in gaiactose or glucose 
have been described ~. 

RESULTS AND DISCUSSION 

Conversion of glucose to sorbitol and fructose 

To study the conversion of glucose to fructose through the sorbitol pathway 
[14Ce]glucose was used as the substrate and the various sugar derivatives which 
accumulated in the lens during incubation were isolated on a Dowex-i borate column 
(Table I). The identification of the fraction isolated was further confirmed by paper 
chromatography. Since only a small amount of free sugar is normally found in the 
lens, it was necessary to pool I2 lenses, incubated separately, to allow for adequate 
analyses. After isolation the specific activities of each of the sugars and the sugaL- 
alcohol were determined. As shown in Table II, the specific activities of glucose, 
sorbitol and fructose, in aH 3 experiments were essentially identical. Apparently the 
three related sugar derivatives equilibrated rapidly and the results are consistent 
with the view that  this occurs via the sorbitol pathway. Inositol is of interest because 
it is found in high concentrations in lens and is similar to sorbitol but is a cyclic rather 
than a linear sugar alcohol. The results revealed that  inositol recovered after incu~ 
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bation had an extremely low specific activity. This suggests that it is not synthesized 
directly from glucose as is sorbitol but probably arises from a series of more com- 
plicated reactions. In addition it most likely has a low rate of turnover. 

Evidence for the reversal of the reactions of the sorbitol pathway, that is the 
conve~ion of fructc ~e through sorbitol and to glucose was obtained by incubating 
calf lens with [l~Ce] fructose. The specific activities of fructose and sorbitol isolated 
after incubation were identical but that of glucose was about 35 % lower. Since 14C 
was found in the glucose isolated, it appears that  fructose may be transformed to 
glucose through the sorbitol pathway, although the possibility exists that  the trans- 
formation may have occurred through the phosphorylated derivatives of the Embaen- 
Meyerhof pathway followed by a phosphatase reaction. 

TABLE I 

CHROMATOGRAPHY OF SUGARS AND SUGAR DERIVATIVES ON D O W E X - I  BORATE COLUMN 

Volume of eluting fluid required for recovery of sugar 
K~B,O, 

l nosil ol Frtwt ose Sorbit ol Glucose 

o . o I 5  M o . 3 - o .  5 1 i - i . 6  1 2 -z .5  1 
o .o3  M* z .6 -2 .75  1 

* I m m e d i a t e l y  a f t e r  t h e  r e c o v e r y  of sorb i to l ,  t he  d u r i n g  fluid was i nc r ea sed  to  o .o  3 M. 

T A B L E  I I  

THE CONVERSION OF GLUCOSE TO SORBITOL AND FRUCTOSE IN C.&LF LENS 

Calf  lenses  were  i n c u b a t e d  for 24 h w t t .  . . . . .  l abe led  s u b s t r a t e  ( i o  raM) in i o  m l  o[ ba l anced  sa l t  
so lu t ion .  

Substrate 
Initial specific 

activity 
(cmtn~.s/min/l~mglej 

Final specific activity (countslmin/tzmolel 

Glucose Sorbitot Frt~:tose l,osit,ff 

~14C6~Glucose IO5O 717 8zo 753 - -  
IO5O 740 765 630 83 
~o5o 783 763 753 65 

[x4Ce~Fructose 950 365 535 590 23 
95 ° 35 z 586 670 75 

In both the glucose and fructose experiments the initial specific activity was 
higher than the final, suggesting that  a dilution of hexoses from an endogenous 
source had occurred. The average hexose content of I2 calf lenses was i.z #moles/g 
of lens. Of this amount 58 % was fructose and 42 % was presumably glucose. The 
amount of sorbitol ranged from x to 2/tmoles/g of calf lens. Thus the endogenous 
sugars and sugar alcohol contribute to dilute the [~4C]glucose taken up by the iens 
but tke quantities are not sufficient to account entirely for the dilution observed 
when the total  consumption of glucose is considered. In the fructose experiment the 
specific activity of glucose was lower than that  of sorbitol or fructose. This suggests 
the possibility that  dilution occurred at the glucose level. The source of the dilution 
of glucose may have been glycogen, the presence of which in rat lens was reported 

by K L E T H I  AND MANDEL I~. 
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The conversion of glucose to fructose was also studied in crude extracts of lens. 
We confirmed the observation of VAN HEYNINGEN 1, ls that  incubating glucose and 
TPNH with dialyzed lens ex.tract results in a product identified by paper chromatog- 
raphy as sorbitol. Similarly by paper chromatography we found that in lens extract 
~ a c t o s e  was converted to dulcitol and xyiose to xylitol. The incubation of sorbitol 
and DPN in the presence of lens extract led to the formation of fructose. 

These reactions can be conveniently followed spectrophotometrically by the rate 
of oxidation or reduction of the appropriate forms of pyridine nucleotides. Extracts 
of calf, rabbit, rat, cat and human lens all possessed activities of the enzymes, 
aldose reductase and polyol dehydrogenase, Aldose reductase activity in rabbit lens 
was much higher than in calf lens so the rabbit lens was used as a source of this 
enzyme. On the other hand polyol dehydrogenase activity was higher in the calf lens 
so extracts of this source were used for studies of the second reaction of the sorbitol 
pathway. 

To obtain some information on the substrate specificity of aldose reductase and 
polyol dehydrogenase, the relative activities and Michaelis constants, Kin's, of a few 
substrates were determined in crude lens extracts. I t  is obvious that a more complete 
and detailed study on a purified preparation of each enzyme is essential but it may 
prove valuable to determine how the enzymes behave in the presence of competing 
enzymes and other proteins. Information obtained under these conditions may be 
more directly applicable to the interpretation of what occurs in normal lens as well as 
lens from diabetic animals or animals fed a diet rich in galactose or xylose. For these 
reasons, we studied aldose reductase at the more physiological pH (7.4) even though 
the pH optimum of this enzyme is near 6.5. Most enzymes studies, dealing with 
relative reaction rates of different sub~trates, are usually conducted at a substrate 
concentration which saturates the enzyme. However, we used substrates in concen- 
tration which more nearly represents that  encountered in the lens oi a diabetic animal 
or of an animal fed galactose or xylose. At the concentration used the enzyme was 
not saturated with respect to glucose or galactose since the Km's for these substrates 
are very high. Inspection of the data  in Table I I l  reveals that  of the three sugars 
in question xylose is the best substrate for aldose reductase as shown by the lowest 
Km and the highest relative activity. On this basis, of the three sugars studied, glucose 
is the least preferred substrate for aldose reductase. The Km of glucose is extremely 
high, 3.3" IO-~ M, indicating that  an unusually high concentration is needed to satu- 
rate the enzyme. As far as the substrate specificity is concerned galactose appears 
intermediate between xylose and glucose. As given in Table III  the relative activity 
of galactose was 1. 7 while that  of glucose was I in rabbit lens. In cat and rat lens 
the relative activity for galactose was 1. 9 and 2 respectively with glucose as I. It 
thus appears tha t  at a concentration of sugars of IO mM, the rate of formation of 
dulcitol relative to sorbitol is about 2"1. As evidenced by the values for Km and 
relative activity the best substrate appears to be glyceraldehyde. It would appear 
that  aldose reductase in lens extract can act on a number of different aldoses indi- 
cating an enzyme with a broad substrate specificity. The Km's obtained compared 
favorably with those obtained by HERS with a preparation of aldose reductase from 
seminal vesicles m. 

The important consideration concerning the substrate specificity of polyol de- 
hydrogenase is, that  of the three sugar alcohols dulcitol is not significantly utilized 

Biochim. Biophys. Aaa, 74 { t963) 34o-35o  



3 4 4  j . H .  KINOSH1TA, S. FUTTERMAN, K. SATOH, L. O. MEROLA 

by this enzyme (Table IV). Extracts of lens from calf, cat, rat and man all gave the 
same result, that  dulcitol is not a suitable substrate for polyol dehydrogenase. In 
contrast, xylitol and sorbitol appear to be readily oxidized in lens extract. 

The pH optimum curve for aldose reductase appears to be on the acid side of 7 
near pH 6.5. The reverse of this reaction, the reduction of TPN + with sorbitol, appeared 
to have a broad pH optimum curve and was much more sluggish. It  is known that  
the equilibrium of this reaction lies in favor of sorbitol formation m. 

T A B L E  I I I  

S U B S T R A T E  S P E C I F I C I T Y  O F  R A B B I T - L E N S  A L D O S E  R E D U C T A S E  

T h e  /i 'm va lues  were  calculated f rom L i n e w e a v e r - B u r k  plots. The  i n c u b a t i o n  m e d i u m  c o n t a i n e d  
o. 3 /~mole  of  T P N H .  2o0 /~moles  of p h o s p h a t e  buffer  (pH 7.4) a n d  3o m g  ol  lens in  a f inal  v o l u m e  
of 3 .o  ml .  T h e  e n z y m e  p r e p a r a t i o n  was  a d i a l y z e d  h o m o g e n a t e  of r a b b i t  lens.  R e l a t i v e  a c t i v i t y  

was  d e t e r m i n e d  w i t h  s u h s t r a t e  c o n c e n t r a t i o n s  of i o  raM. 

Substrale Relative act iv i ty  K m 

D-Glucose x 3.3" ]o-2 M 
D-Galac tose  t .  7 2.2" IO -2 M 
D-Xylose  3.8 1.4" I ° -3  M 
DL-Glyce ra ldehyde  8. 3 2. 4. IO -4 M 

T A B L E  I V  

S U B S T R A T E  S P E C I F I C I T Y  O F  C A L F - L E N S  P O L Y O L  D E H Y D R O G E N A S E  

The  i n c u b a t i o n  m e d i u m  c o n t a i n e d  0. 3 /~mole  of D P N  +, 240/~moles  of p h o s p h a t e  buffer  (pH 7.4) 
a n d  IOO m g  of calf  lens in a f inal  vo lume  of 3 ml .  The  e n z y m e  p r e p a r a t i o n  w a s  a d i a lyzed  h o m o -  
g¢na te  of ca l f  lens.  The  Km va lues  were  c a l c u l a t e d  f rom L i n e w e a v e r - B u r k  p lo ts .  The  r e l a t i v e  

a c t i v i t y  was  d e t e r m i n e d  wi th  s u b s t r a t e  c o n c e n t r a t i o n s  of  IO raM. 

Relative Km 
S fdast rat e act ivit y 

S o r b i t o l  I 5.2" IO -a M 
Xylitol 1.2 t. 7. Io  -a M 
D u l c i t o l  o - -  

The pH optimum curve for polyol dehydrogenase of calf lens indicated that the  
peak of activity was near pH 8.4 in the conversion cf sorbitoi to fructose. The reverse 
reaction, that  of the conversion of fructose to sorbitol, had a pH optimum of 6.o. 

The effect of pH on these enzymes is of important consideration when acidosis 
as observed in diabetic animals occurs. A lowered pH would accelerate the aldose 
reductase reaction as well as the conversion of fructose to sorbitol. Thus acidosis 
would favor the production of sorbitol both from glucose and fructose. 

In experimental sugar cataracts it has been known that  the younger animals are 
more susceptible to develop cataracts than the older animals. We wondered whether 
there was any correlation between changes in the aldose reductase activity of the lens 
and the aging of the animal. Our results indicated that  there is no apparent change 
in aldose reductase activity with age. The lens from a xoo-g rat had the same aldose 
reductase activity as the lens from a 3oo-g rat. In the calf lens we could not detect 
any significant difference in aldose reductase activity between the cortex and the 
nucleus. 
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Hexose monophosphate sh,4nt mechanism 

The production of sorbitol is dependent upon the availability of TPNH. Since 
TPNH is formed in the hexose monophosphate shunt mechanism the possible inter- 
action between aldose reductase and the shunt mechanism was explored. From the 
Kra of lens aldose reductase it appeared that  the production of sorbitol from glucose 
would be accelerated by increasing the concentration of glucose. If coupling of aldose 
reductase and the shunt dehydrogenase occurs in lens the increase in sorbitol pro- 
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Fig. i, The effect of concentration on glucose oxidation. Description given in Table V, 

duction should be paralleled by an increase in C-x oxidation of glucose. That such a 
relationship exists is shown in the results summarized in Fig. x and in Table V. 
As the concentration of glucose was increased in the medium an increase in the rate 
of oxidation of C-t but not of C-6 glucose was observed. As shown in Fig. I the increase 
in the rate of oxidation of C-I glucose was almost linear in rabbit lens as the concen- 
tration of glucose was increased from 5 to 30 mM in the medium. In this range of concen- 

Hexokinase 
Glucose • Glucose 6-phosphate . 

Aldose [ ( " T P N H ~  TPN+ ~ )  ] 
reductase ~,~TPN+ ,, , ~ TPNH~r | 

Y 
Sorbitol CO2 -I- pentose phosphate. 

Polyol ( ' D P N  + 
dehydrogenase ~ D P N H  

Lactate 

Fructose 

Fig. 2. Reactions affecting sugar alcohol formation. 
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trat ions about  1-4 pmoles of glucose were oxidatively decarboxylated at the C-r 
position during a z4-h incubation,  whereas the amount  of C-6 a tom of glucose oxidized 
remained constant  at approx. 0.07 ttmole of CO2. Consistent with the fact tha t  the  
C-6 oxidat ion did not  increase was the finding tha t  the production of lactate did not  
change wi th  increasing levels of glucose in the  medium. Apparent ly  the hexokinase 
reaction, the rate-limiting step in lens glycolysis, is saturated at 5 mM of glucose so 
tha t  fur ther  increase in sugar is not accompanied by an increase in the activities 

TABLE V 

THE EFFECT OF GLUCOSE CONCENTRATION ON THE SORB!TOL AND FRUCTOSE ACCUMULATION 

AND TPNH PRODUCTION IN RABBIT LENS 

Rabbit lens (I75 rag) was incubated for 24 h with varying concentrations of labeled or normal 
glucose in io ml of medium. Additional NaCl was used when needed to maintain a constant 
tonicity. The results are averages of at least 3 experiments. The amount of qPNH tormed was 
estimated from the 1.~CO~ recovered from [I-~4C~glucose after correcting for the amount from 
~6-t~C~glucose, and from the initial specific activity. In rabbit lens the specific activity of glucose 

after incubation was within Io °~ o of the initial specific activity. 

Glucose  .4c~umulation in lefts (~tmoles) Sorbilol T P N H  formed 
Co}lgf n.~ra? foPl + 
(llm.~les/mt) Sorbitol Fructose fiu~.tose (t°~:'lcs'~ 

5 0.4 o.i 0.  5 1.6 
I 0  1 .4  0 - 4  1 .8  2 . 6  

15 2 . 6  0 .  5 3 .1  4"4  

20 3.8 0.5 4.3 5 .6, 
25 4.0 o.o 4.6 6.2 
30 5.6 0,6 6.2 7.2 

of the Embden-Meyerhof  or of the tr icarboxylic acid cycle. Perhaps,  only in lens 
where the hexokinase is at  such low activi ty is it possible to demonst ra te  the increase 
in the oxidation of C-I of glucose. The excess glucose is available to accelerate the 
aldose reductase reaction. HERS ts has shown tha t  the oxidation of C-I of glucose in 
liver was s t imulated by "addition of glucuronolactone or glucosone, substrates for 
aldose reductase.  

I t  was of interest to determine if a direct stoichiometry could be established 
b,~tween the amount  of sorbitol formed and the  amount  of T P N H  generated. In  the 
shunt •mechanism the oxidation of C-I of glucose is the result of z reactions producing 
T P N H ,  thus the amount  of T P N H  formed can be approximated as twice the value 
of C-I oxidized after correcting for the small amount  of C-6 oxidized. Since some of 
the sorbitol formed is conver ted to fructose, the total  amount  of glucose reduced by 
aldose reductase is the sum of sorbitol and fructose recovered. As shown in Table V, 
with increasing levels of glucose, the product ion of sorbitol paralleled the increase 
in C-I oxidat ion of glucose. The total  amount  of glucose reduoed (sorbitol + fructose) 
appeared to be somewhat  less than the available TPNH.  This can be explained by  
other  pa thways  reoxidizing T P N H  or by some loss of fructose and sorbitol by further 
metabol ism or by diffusion out  into the medium. The determinat ion of small amounts  
of these substances in the medium was impractical  because of the presence of high 

levels of glucose. 
The relationship between the aldose reductase reaction and the shunt  mechanism 

was also demonst ra ted  to exist in the rat  lens (Table VI). Increasing the availability of 
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glucose stimulated the rate of oxidation of C-r of glucose and the production of sorbitol. 
The acceleration of the shunt mechanism by stimulating the aidose reductase 

reaction was also demonstrated by incubating rabbit  lens in high levels of galactose. 
in this study the concentration of [IJ4C]-or [6-~4C]glucose was kept at 5 mM in the 
medium of the control lens while the contralateral lens was inc ,  bated in tbe sa_me 
medium but with added galactose (30 mM). The presence of galactose st imulated the 

T A B L E  V I  

T I l E  E F F E C T  OF G L U C O S E  C O N C E N T R A T I O N  ON TI-IE S O R B I T O L  A N D  F R U C T O S E  A C C U M U L A T I O N  

A N D  *:II-14C~GLUCOSF; O X I D A T I O N  II~I R A T  L E N S  

Two r a t  lenses  were  i n c u b a t e d  for  2,! h in 5 ml  of m e d i u m  w i t h  v a r y i n g  c o n c e n t r a t i o n s  of  g lucose .  
The  spc;cific a c t i v i t y  of ~x-14C iglucose w a s  16o0 c o u n t s ] m i n l / a m o l e .  A d d i t i o n a l  N a C I  w a s  u s e d  w h e n  
n e e d e d  to  m a i n t a i n  t h e  s a m e  t o n i c i t y  in all 3 cases .  T h e  r e s u l t s  a r e  r e p o r t e d  as  p m o l e s ] 2 4  b /2  l enses  

a n d  a r e  a v e r a g e s  oI 4 s e p a r a t e  e x p e r i m e n t s .  

f;fucogc Sorl)i  t ol F r u c t o s e  t'JC O 2 r:'t m'c rcd 
COAbt't'lllratiOPl 

( m M )  (lJmolcs) ( p m o l e s )  ( l tmolcs )  

I5  0. 7 o . I  0 .45  
30 t .3 o. I 0 . 9 0  
t ~O 2.  O O. 2 1 . 4  ° 

C-I oxidation of glucose by almost 4-fold but  did not affect the oxidation of C-6 of 
glucose or the production of lactate (Table VII). Our previous studies indicated that  
in lens the rate-limiting step in the shunt mechanism is in the reoxidation of TPNH.  
Increasing the rate of reoxidation of TPNH by adding an electron accepter such as 
pyruvate  TM or oxidized glutathione s accelerated the C-I oxidation of glucose. Since 
galactose and glucose produced a greater stimulation of the oxidation of C-I of glucose 
in lens they appear to be much more effective electron accepters of T P N H  than either 
pyruvate  or oxidized glutathione. In the galactose-stimulated lens the amount  of 
C-I oxidized through the shunt mechanism could be almost entirely accounted for 
by the increase in dulcitol. The accumulation of dulcitol in these rabbit  lenses appeared 
to be 6.4/imoles (7.0-0.4), wlfile the TPNH formed during this period was 7.0 pmoles 
(2 ~'/, (3.6-o.1)). One is left with the impression that  the production of dulcitol 
probably diverts TPNH away from the mechanism which normally reoxidizes it. 
It appears that  an appreciable anaount, if not all, of the T P N H  formed in the shunt 
mechanism is consmned by the reduction of galactose to dulcitol. 

T A B L E  V I I  

THE EIrFECT OF GALACrOSI.: ON THI~ oXiDATION OF C-I  OF GLUCOSE IN RABBIT LENS 

Y o u n g  r a b b i t  lenses  were  i n c u b a t e d  for  25 h in a m e d i u m  c o n t a i n i n g  e i t h e r  C- I  o r  C-6 l abe l ed  
g lucose  (5 raM) w i t h  a n d  w i t h o u t  g a l a c t o s e  (3 ° raM) .  In  t h e  i n c u b a t i o n s  w i t h o u t  ga l ac to se ,  t h e  
t o n i c i t v  of t h e  m e d i u m  w a s  m a i n t a i n e d  b y  a d d i t i o n a l  NaCI .  T h e  v a l u e s  w e r e  o b t a i n e d  f r o m  
3 s e p a r a l c  e x p e r i m e n t s  of l enses  i n c u b a t e d  in t h e  s a m e  m e d i u m  as  t h o s e  of t h e  r a d i o a c t i v e  ex -  

p e r i m e n t s .  All v a l u e s  a r e  c o r r e c t e d  to  a w e i g h t  of 175 m g  lens.  

Glu¢ose-c. .rbon ~o CO~ 
Gala, ",.~t' i n  . . . .  H e r  if e l  Lac ta te  

m e d i  u m  ¢'- r ~; 6 (t* moh" ~) t u moles) 
( j , tmdes)  ( t,tmoh's ) 

.... 3.o 0 . 0 8  7 .0  30.4 
+ I.O 0 .07  0. 4 29.3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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The studies in vitro presented here seem at first to be in conflict with those re- 
ported by LERblAN z° who found that in the lens of a galactose-fed rat the rate of 
C-I oxidation of glucose is severely depressed. From our observations one might 
anticipate the rate of C-I oxidation of glucose to be higher in the galactose lens than 
in the normal lens. In the studies by LERMAN 2° the oxidation of glucose was studied 
in a medium free from galactose, so the conditions were not ideal to evaluate changes 
in the rate of oxidation that  takes place in sit~t. For this reason the effect of feeding 
a high galactose diet to rats on the rare of oxidation of glucose in their lenses was 
reinvestigated. 

T A B L E  V I I I  

O X I D A T I O N  O F  ~I-14C'~GLI2COSE_ IN L E N S E ~  F R O M  G A L A C T O S E  A N D  G L U C O S E - F E D  R A T S  

A l e n s  f r o m  a r a t  fed  g a l a c t o s e  or  g l u c o s e  :,.-as i n c u b a t e d  for  24 h in  5 m l  of m e d i u m  c o n t a i n i n g  
gt- t~C2glucose.  T h e  spec i f i c  a c t i v i t y  of t h e  glu, :ose w a s  36oo  c o u n t s / m i n / / ~ m o l e .  T h e  r e s u l t s  of 

20 d e t e r m i n a t i o n s  a re  g i v e n  as  t h e  m e a n  :.~z s t a n d a r d  e r r o r  of t h e  m e a n .  

GMacto. e t4C02 veco,.,e~,ed 
Diet in medium (co,mtsJmi~lL,ns) 

G l u c o s e  ~ 573 + 17 
+ 2296 :t:: 73 

G a l a c t o s e  477 ± x l 
+ I 6 o 9  --k 65 

Tile rats were kept on the galactose diet until the first sign of opacities (5-6 days). 
The lenses were removed, one was placed in a medium containing 5 mM of [I-I~C]- 
glucose and the other lens in the same medium with added galactose (3 ° mM). The 
lenses from the glucose-fed rats serving as controls were treated in an identical 
manner. The rate of oxidation of C-I of gluccse in the lenses of the galactose-fed rats 

o /  was slightly lower (I6/o) than in the control lenses when tested in a medium without 
galactose (Table VIII).  The addition of gala, tose to the medium produced a marked 
stimulation in the rate of C-I oxidation of glucose in the lenses from both the glucose 
and galactose fed rats. The rates observed in the lenses frorn the galactose fed rats 
were appreciably lower (30 %). 

The results seem to suggest that i~, situ where an abnormal level of galactose is 
available in the aqueous humor, the rate of oxidation of C-I of glucose is probably 
much higher in the lens of the galactose-fed rat than in the lens of the normal rat. Any 
deleterious effect resulting Iror,, the alteration of the shunt mechanism would have 
to be at tr ibuted to the diversion of TPNH away from the normal reoxidizing mecha- 
nism or to the accumulation of abnormal products of metabolism. The actual capacity 
of the shunt mechanism, as indicated by the data on the C-I oxidation in presence 
of added galactose (Table VII), is decreased in the lens of the galactose-fed rat. This 

o' °Op is probably due to the lowered ~ctivity of the glucose 6-phosphate dehydr%enase- ~i. 
I t  seems the lens counteracts against the accumulation of sugar alcohol or products 
formed in the shunt by suppressing the activity of glucose 6-phosphate dehydrogenase 
by some mechanism. 

Hexokinase and aldose reductase 

In Fig. 2 the various factors which influence the sorbitol pathway are summarized. 
Sorbitol production is influenced by the competition for glucose between hexokinase 
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and aldose reductase. Whether glucose is phosphorylated or reduced would depend 
to a great extent on the Michaelis-Menten constants of the competing enzymes. 
The Km for lens hexokinase has been reported by GREEN AND SOLOMON 22 to be IO -4 M. 
In good agreement with this, we have found a value for the glucokinase in rabbit 
lens of 3" IO-4 M. As shown in Table I I I  the Km of aldose reductase of rabbit lens 
with glucose as the substrate is 3" IO-2 M. The high Kra of aldose reductase indicates 
that  a relatively high concentration of glucose is required before it is reduced to 
sorbitol at an appreciable rate. Qualitatively it thus appears that  the affinity of 
hexokinase for glucose is much higher than that of aldose reductase. This suggests 
that  if the cofactors are not limiting, glucose would be preferentially phosphorylated 
rather than be reduced to sorbitol. Consequently under normal conditions in the 
lens, where the glucose concentration is low, most of the glucose is phosphorylated 
and a relatively small fraction converted to sorbitol. On the other hand when the 
concentration of glucose is elevated and the hexokinase becomes saturated with 
respect to the substrate, a greater fraction of the glucose metabolized would be 
converted to sorbitol. Another important factor is that  hexokinase is found in low 
concentrations in lens, so this enzyme is probably operating at maximum activi ty 
under normal conditions. 

Experimental sugar cataracts 

If the accumulation of sugar alcohols and keto hexoses are directly responsible 
for the early changes in the 3 types of sugar cataracts the differences in the course of 
opacification should be related to the properties of the enzymes involved. I t  is fairly 
well established that  galactose cataract in rats occurs rapidly within 5 days after 
the initiation of the diet. I t  takes about 3-5 days for the opacities to develop in the 
lens of a rat fed xylose but the opacities eventually disappear even though the xylose 
regimen is continued. In the diabetic rats, the opacities take several weeks to develop. 
However, microscopic examinations have revealed the appearance of hydropic lens 
fibers within a week after diabetes has been established. 

The fact that  galactose cataract is the easiest of the experimental sugar cataracts 
to produce is consistent with the observed properties of the enzymes of the sorbitol 
pathway. First of all galactose is fairly rapidly reduced to dulcitol. Moreover unlike 
xylitol and sorbitol, dulcitol is not attacked by polyol dehydrogenase. Since the sugar 
alcohols do not readily penetrate biological membranes 23, z4 the conditions are favor- 
able for the accumulation of dulcitol. This would account for the extremely high 
quantities of dulcitol found in the lens of galactose-fed rat x, z. A hypertonic condition 
is thus created and the natural consequence is the influx of water into the lens fibers 
resulting in their swelling and eventual rupture. 

The rate of production of sugar alcohol from glucose appears to be slower than 
from either xylose or galactose. Fructose, which is formed from sorbitol, is metabolized 
to some extent and diffuses out of the lens more readily than the sugar alcohol. 
The difference in the rate of the formation of galactose and diabetic cataracts could 
be explained by :hese facts. 

However, the situation which occurs in xylose cataracts is more difficult to 
evaluate. The opacities develop rather quickly but their transient nature is difficult 
to explain. VAN HEYNINGEN found two unexpected features of this type of cataract TM. 
First, xylose was not found in appreciable quantities, and although xylitol accumu- 
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lates, xylulose was never detected in the lens of rats fed xylose. It is apparently 
difficult to raise the level of xylose in the circulating fluid by feeding experiments. 
Once xylose enters the lens it is rapidly converted to xylitol which in turn is un- 
doubtedly converted to xylulose. Since xylulose was not found in lens of the xylose-fed 
rat it must be further metabolized. To account for the observed changes in opacities, 
it may be possible that initially the rate of xylitol formation is more rapid than its 
withdrawal. Once an adequate concentration is reached the oxidation to xylulose 
and perhaps to other products are set into motion. These possibilities will have to 
be further explored before any definite relationship can be established between the 
course of this type of cataract and the properties of the enzymes of the sorbitol 
pathway. 
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