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Study of Aldose Reductase Inhibition in Intact Lenses 
by 13C Nuclear Magnetic Resonance Spectroscopy 

W. F. WILLIAMS AND J. D. ODOM 

Carbon-13 nuclear magnetic resonance spectroscopy has been used in the study of 
glucose metabolism, specifically aldose reductase inhibition, in intact rabbit lenses 
maintained in organ culture. This technique provides an effective method of screening 
potential inhibitors of aldose reductase under conditions that more closely approxi- 
mate in vivo conditions than do earlier methods. The aspirin substitutes acetamino- 
phen and ibuprofen were studied as aldose reductase inhibitors and were found to be 
effective in reducing sorbitol accumulation in lenses exposed to high glucose stress. 
Results of this work with various inhibitors of aldose reductase are discussed in terms 
of lens metabolism and implications regarding diabetic complications such as cataract 
formation. 

C ATARACT FORMATION IS ONE OF 

many secondary complications asso- 
ciated with diabetes mellitus. It has 

been estimated that in the United States 
alone over 10 million people suffer from 
diabetes and over 75,000 diabetic cataract 
extractions are performed each year (1). 
Cataracts are five times as likely to develop 
in a diabetic as in a nondiabetic of the same 
age and sex (2). Unfortunately, neither the 
disorder, diabetes mellitus, nor the causes of 
cataract formation are well understood. Glu- 
cose metabolism in the lens, via the sorbitol 
pathway and the enzyme aldose reductase 
(E.C. 1.1.1.21), appears to be directly relat- 
ed to the higher incidence of cataracts in 
diabetics. In this investigation we used a 
nondestructive technique, 13C nuclear mag- 
netic resonance (NMR) spectroscopy, to 
study glucose metabolism, glycolysis, and 
the sorbitol pathway in intact rabbit lenses 
and also the effectiveness of various aldose 
reductase inhibitors. 

The normal physiological role of the sor- 
bit01 pathway remains unknown. Under the 
conditions of high plasma-sugar concentra- 

tions encountered in diabetics, hexokinase 
apparently becomes saturated and excess 
glucose is converted to its sugar alcohol, 
sorbitol, by aldose reductase with reduced 
nicotinamide adenine dinucleotide phos- 
phate (NADPH) acting as the cofactor. In 
the second reaction of the sorbitol pathway, 
sorbitol is oxidized to its keto sugar, fruc- 
tose, by polyol dehydrogenase with nicotin- 
amide adenine dinucleotide (NAD+) as the 
cofactor. Sorbitol is not readily metabolized 
and does not penetrate cell membranes easi- 
ly. Once formed, sorbitol is trapped intracel- 
lularly. Numerous animal studies (3, 4) and 
limited research with human lenses (5) have 
suggested that the accumulation of sorbitol 
initiates a sequence of osmotic changes that 
leads to the formation of cataracts. In order 
to maintain osmotic equilibrium as sorbitol 
accumulates, water is drawn into the lens 
fibers, which causes swelling. Eventually the 
lens fibers rupture, and a lenticular opacity is 
observed. It has been suggested that osmotic 
effects are the causative factor in cataract 
formation under high glucose stress. Sorbi- 
to1 pathway activity has various effects on 

lens metabolism that may be important in 
cataract development. Recently, research has 
suggested that a primary effect of sorbitol 
pathway activity is altered redox ratios of 
pyridine nucleotides (6). Strong evidence 
supporting the importance of the sorbitol 
pathway in cataract formation has come 
from the discovery of various compounds 
that are effective in blocking sorbitol forma- 
tion and in delaying or preventing resulting 
cataractogenic changes (7). Moreover, the 
enzyme aldose reductase and high sorbitol 
levels have been found in other tissues in- 
volved in such secondary diabetic complica- 
tions as retinopathy, nephropathy, and neu- 
ropathy (8,9). The development of an orally 
active inhibitor of aldose reductase effective 
in human tissues could lead to a pharmaco- 
logical approach for the treatment or even 
prevention of diabetic complications such as 
cataract formation. 

Multinuclear magnetic resonance spec- 
troscopy ('H, 3 1 ~ ,  and 13C) has been used in 
the study of the lens (6, 10-13). Use of 13C 
NMR spectroscopy has been limited to the 
study of lenses exposed to various levels of 
glucose stress (11, 12) and to the determina- 
tion of polyol pathway flux rates (6,13). We 
now report that 13c NMR spectroscopy 
provides an excellent means of studying the 
activity of pharmacological agents, such as 
aldose reductase inhibitors. The incubation 
of intact rabbit lenses in a high-concentra- 
tion [l-'3C]glucose medium with and with- 
out inhibitors has been studied; with this 
procedure it is possible to study the utiliza- 
tion of glucose in the lens as changes occur. 
By monitoring the distribution of the 13C it 
is possible to follow glycolytic and sorbitol 
pathway activities. The 13C NMR spectrum 
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obtained from a single intact rabbit lens 
after 15 hours of incubation in the presence 
of a high concentration of labeled giucose is 
shown in Fig. la. Resonances for the C-1 of 
the p and a anomers of glucose were ob- 
served at 97 and 93 parts per million (ppm), 
respectively. The resonance for lactate, the 
end product of glycolysis, was found at 21 
ppm. No glycolytic intermediates were of 
sufficient concentration to be observed in 
any of our experiments. Earlier NMR inves- 
tigations have also failed to detect glycolytic 
intermediates. The products of the sorbitol 
pathway, sorbitol and fructose, gave rise to 
resonances at 63 and 65 ppm, respectively. 
As expected, a large sorbitol resonance was 
observed for the lens exposed to high glu- 
cose stress (33.5 mM), mimiclung the dia- 
betic situation. Analysis of the medium used 
for incubation by I3C NMR spectroscopy 
showed that only glucose and lactate were 
present at detectable levels. Lactate is able to 
hermeate lens membranes, and therefore its 
presence in the incubation medium is ex- 
pected. No sorbitol was found in the medi- 
A, which is consistent with its being 
trapped intracellularly. When a lens was 
exposed to normal glucose conditions (5.5 
mM) for 15 hours, only glucose and a small 
amount of lactate were detected by I3C 
NMR s ectroscopy. 

The 'C NMR soecmun observed for a 
I 

single, intact rabbit lens after incubation in 
the presence of a high concentration of 
labeled glucose with 1 x lO-'M sulindac is 
shown in Fig. lb .  The antirheumatic drug 
sulindac is a potent inhibitor of aldose re- 
ductase (12). Addition of this inhibitor to 

incubation medium substantially reduced 
the sorbitol resonance, corresponding to 
more than 65% inhibition of aldose reduc- 
tase. At a concentration of 1 x 10-4M, 
sulindac was more than 80% effective. For a 
series of compounds (Table 1) we have 
determined the following relative abilities to 
inhibit aldose reductase: tolrestat 2 sor- 
binil > sulindac % ibuprofen > acetamino- 
phen = aspirin. As expected, inclusion of an 
aldose reductase inhibitor in the high-con- 
centration glucose medium resulted in de- 
creased swelling of the lens and delayed 
changes in lens clarity (5, 7). Of the com- 
pounds investigated, sorbinil and tolrestat 
appear to be the most potent aldose reduc- 
tase inhibitors in intact rabbit lens tissue 
with inhibitions of -65 and 75%, respec- 
tively. Both tolrestat and sorbinil at a 
1 x 1 0 - ' 2 ~  concentration prevented lens 
swelling and loss of transparency under our 
experimental conditions. However, less po- 
tent inhibitors of aldose reductase could also 
be important therapeutically since factors 
other than inhibitory activity (such as tissue 
absorbency, toxicity, and side effects) are 
important considerations for overall drug 
effectiveness. Various drugs to treat rheuma- 
toid arthritis, notably aspirin, would appear 
to be quite promising as anticataract treat- 
ments (14). Both acetaminophen and ibu- 
profen substantially reduce sorbitol accumu- 
lation under our experimental conditions 
and appear to be more potent inhibitors of 
aldose reductase than aspirin. 

Results of our I3C NMR studies of aldose 
reductase inhibitors are in general agree- 
ment with earlier studies of these inhibitors 

performed under diverse experimental con- 
ditions with the use of classical biochemical 
methods (7, 15). Aldose reductase inhibi- 
tion is known to be species-, tissue-, and 
substrate-dependent (15). Although the cur- 
rent work has been done in vitro, it is 
expected to more accurately reflect the in 
vivo potencies of the various inhibitors since 
intact, functioning tissue was analyzed. Pre- 
vious studies have generally used invasive, 
destructive techniques. Aldose reductase is 
difficult to purify and is unstable in a puri- 
fied form (15,16). Also, it has been reported 
that the effectiveness of inhibitors varies 
depending on the degree of enzyme purifi- 
cation (9). The use of 13C NMR spectrosco- 
py provides a method of studying aldose 
reductase inhibition under conditions more 
closely simulating the situation in diabetics. 

Concomitant with the decrease in sorbitol 
observed, increases in the glucose and lactate 
resonances were observed by I3C NMR 
spectroscopy when an aldose reductase in- 
hibitor was included in the incubation medi- 
um (Fig. 1). A variety of structurally diverse 
inhibitors of aldose reductase have been 
studied with similar results. When inhibitors 
were included in the high-concentration 
glucose medium, the glucose resonances re- 
mained essentially the same or increased 
slightly (less than 10% change), while the 
lactate resonance increased (2 to 30% 
change). There are several possible interpre- 
tations of the observed changes in metabo- 
lite levels as a result of inhibition. The 
increase in the levels of glucose and lactate in 
the lens may result from the utilization of 
less glucose through the sorbitol pathway. It 

Fig. 1. (a) The I3C NMR spectrum observed for a single, intact rabbit lens 
after incubation in a 35.5 mM [l-13C]glucose medium for 15 hours. (b) The 
I3C NMR spectrum observed for a single intact rabbit lens after incubation 
for 15 hours in a 35.5 mM [l-13C]glucose medium containing 1 x 10-*M 
sulindac. The [l-'3~]glucose used was 99% enriched. The resonances are as 
follows: Gp, C-1 p-glucose; G,, C-1 a-glucose; F, C-1 fmctose; S, C-1 
sorbitol; and L, C-1 lactate. Resonances were assigned on the basis of 
previously reported chemical shifts and the addition of known metabolites to 
the medium. New Zealand White rabbits weighing approximately 0.7 to 1.0 
kg were killed by sodium pentobarbital injections. Lenses were removed by a 
posterior approach and incubated at 37°C under an atmosphere of 5% C02 
and 95% air in the standard TC-199 incubation medium used for rabbit 
lenses (4) with and without inhibitors. Each lens was incubated in 2 ml of 
medium for 15 hours under sterile conditions. To determine the spectra, we 
replaced the labeled glucose medium with identical unlabeled medium and 
positioned the lens in the center of the coil on a glass stage in a 10-rnrn NMR 
tube. By means of a Bruker WP-200 NMR spectrometer, we measured I3C 
spectra at 50.32 MHz, with a pulse width of 25 psec (907, 16 x lo3 data 
points, a sweep width of 10,000 Hz, an acquisition time of 0.82 second, a 
repetition time of 1.83 seconds, deuterium locking, and bi-level broadband 
proton decoupling to avoid excessive heating of the sample. Spectra were 
acquired under nonspinning conditions at 37°C. Each spectrum was ob- 
tained in approximately 2 hours (4000 scans). The C-1 p-glucose resonance 
was used as an internal chemical shift reference; I3C-labeled methanol was 
used as a secondary external reference. 
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could be reasoned that, when the sorbitol 
pathway is partially inhibited, excess glucose 
is metabolized through the glycolytic path- 
way, resulting in an increased level of lactate 
in the lens. However, it is generally assumed 
that the glycolytic pathway is saturated 
when aldose reductase becomes activated 
(17). The observed increase in the lactate 
resonance cannot be attributed to lactate 
synthesis through the pentose phosphate 
pathway, since lactate produced in that man- 
ner would not carry a 13c label when 
[l-13C]glucose is utilized. Fructose may act 
as an important secondary energy source in 
the lens (13, 18). Fructose produced from 
sorbitol would enter into glycolysis and 
produce 13C-labeled lactate. It seems unlike- 
iy that this could account for the increased 
lactate levels observed with inhibition. 
When an aldose reductase inhibitor was 
included in the incubation medium, sorbitol 
production, and therefore fructose produc- 
tion, was reduced. 

In addition. it is possible that the ob- 
served increases in the glucose and lactate 
resonances with inhibition of aldose reduc- 
tase are a result of osmotic effects: there 
might be no actual increase in lactate synthe- 
sis. The high lactate level could be caused by 
retention of lactate and glucose to offset the 
osmotic pressure from a high glucose level 
in the medium. To study this possibility, we 
analyzed the 13C-labeled incubation media 
from ex eriments with and without inhibi- 
tors by 'C NMR spectroscopy. The media 
obtained after incubation of a lens in the 
absence of added reductase inhibitor was 
found to contain more lactate than that 
obtained after incubation with an inhibitor. 
This result supports the interpretation of 
increased lactate retention in the lens being 
the result of an osmotic effect. It has been 
proposed that the normal role of the sorbitol 
pathway is the production of sorbitol and 
fructose to counteract the osmotic pressure 
from high glucose levels in the blood and 
aqueous fluids (13, 19). Our results are 
consistent with this theory, although there 
may be other possible explanations. 

Regardless of its normal physiological 
role, the sorbitol pathway is certainly an 
important glucose-utilizing pathway within 
the lens. When the lens was exposed to 35.5 
mM glucose, sorbitol pathway activity ac- 
counted for over one-third of the total glu- 
cose turnover (6). It has been suggested that 
a significant effect of high aldose reductase 
activity is the alteration of pyridine-nucleo- 
tide redox ratios that results from the high 
sorbitol pathway activity, rather than the 
accumulation of sorbitol and the resulting 
osmotic changes (6, 20). If the increased 

Table 1. Summary of inhibitory activity for vari- 
ous compounds that block sorbitol production in 
intact rabbit lenses. Inhibition was calculated by 
comparing integrated sorbitol peak areas in the 
absence and presence of an inhibitor. An average 
of two or more experiments (at least two rabbits 
and, in most cases, three or four rabbits) are 
shown for each drug. Results are reproducible 
(22.5%) provided incubation (for example, me- 
dia preparation and temperature control) and 
spectral acquisition conditions (for example, posi- 
tioning of the lens in the tube, magnet shim, and 
temperature control) are maintained precisely. 

Concen- 
Compound tration (MI 

Inhibi- 
tion (%) 

Sulindac 1 x lo-4 
1 x 

Sorbinil 1 x lo-4 
1 x 10-l2 

Tolrestat 1 x lo-4 
1 x 10-l2 

Aspirin 1 x lo-4 
Acetaminophen 1 x 
Ibuprofen 1 x lo-4 

lactate level observed upon inhibition of 
aldose reductase results from osmotic ef- 
fects, as is indicated in this investigation, the 
significance of the osmotic pressure due to 
sorbitol accumulation is again brought into 
question. Effects on other metabolic path- 
ways in the lens that make use of pyridine 
nucleotide cofactors could be the critical 
factor in cataract formation. Glutathione 
reductase is present in the lens in very high 
concentrations and is known to protect the 
lens from oxidative damage (21 ). The cofac- 
tor for the glutathione reductase reaction is 
NADPH, the same cofactor used bv aldose 
reductase. High sorbitol pathway activity 
could affect the lens by altering the availabil- 
ity of NADPH to glutathione reductase. 
Clearly, the various pathways within the lens 
are highly interrelated. 

NMR spectroscopy has tremendous po- 
tential as a noninvasive probe of biological 
systems such as the lens. With the continu- 
ing development of imaging and spectro- 
scopic techniques, it is possible that NMR 
spectroscopy, notably I3C, 31P, and 'H, will 
be used with humans to monitor metabolite 
patterns in the lens in order to detect early, 
precataractogenic changes. It is hoped that a 
better understanding of the various meta- 
bolic pathways within the lens will lead to 
the development of effective methods for 
treatment or even prevention of diabetic 
cataract formation. NMR spectroscopy may 
be importatit in the development of such 
therapeutic agents, notably aldose reductase 
inhibitors, and as a means of monitoring in 
vivo the condition of the lens and treatment 
effectiveness. 

REFERENCES AND NOTES 

1. A. Beyer-Mears et al., Phamacology 24, 193 (1982). 
2. A. Pirie, Invest. Ophthalmol. 4, 629 (1965). 
3. R. van Heyningen, Nature (London) 184, 194 

(1959); J. W. Patterson and K. W. Bunting, Invest. 
Ophthdmol. 4, 167 (1965); J. H .  Kinoshita, ibid. 
13. 713 11974). 

4. L. 'T. ~hilack'and J. H. Kinoshita, Invest. Oph- 
thalmol. 8. 401 (1969). 

5. S. D. ~ a & a ,  5. S .  schocket, R. D hchards, Invest. 
Ophthdmol. Visud Sci. 18, 237 (1979); L. T. Chy- 
lack et al., Ophthdmolo&ca 86, 1579 (1979); J. A. 
Jedziniak et d . ,  Invest. Ophthdmol. Visual Sci. 20, 
314 (1981). 

6. R. G. Gonzmez et al., Diabetes 33, 196 (1984). 
7. D. Dvomik, N. Simard-Duquesne, M. Krami, K. 

Sestanj, K. H. Gabbay, J. H. Kinoshita, S. D. 
Varma, L. 0. Merola, Science 182, 1146 (1973); S. 
D. Varma and J. H. Kinoshita, Biuchem. P h a m l .  
25, 2505 (1976); S. Fukushi, L. 0. Merola, J. H. 
Kinoshita, Invest. Ophthalmol. Visual Sci. 19, 313 
(1980); Y. R. Sharma and E. Cotlier, Exp. Eye Res. 
35, 21 (1982); K. Sestanj et al., J. Med. Chem. 27, 
256 (1984). 

8. K. H. Gabbay, L. 0. Merola, R. A. Field, Science 
151, 209 (1966); K. H. Gabbag Adv. Metab. 
D k d .  Sup$ 2, 417 (1973); D. vonuk, Annu. 
Rep. Med. Chem. 3, 159 (1978); D. K. Yue et al., 
Diabetes 31, 789 (1982); W. G. Robison, Jr., P. F. 
Kador, J. H .  Kinoshita, Science 221, 1177 (1983); 
Y. Akagi et al., Diabetes 33, 562 (1984). 

9. D. G. Cogan et al., Ann. Intern. Med. 101, 82 
(1984). 

10. P. Racz, K. Tompa, I. Wcsik, Exp. Eye Res. 28, 129 
(1979); ibid. 29, 601 (1979); T. Glonek et al., 
Invest. Ophthalmol. Visual Sci Assoc. Res. VisMn 
Ophthalmol. ARVO Suppl. 20, 89 (1981); J. V. 
Greiner et al., Invest. Ophthalmol. Visual Sci. 21, 700 
(1981); S. Lerman et d . ,  ibid. 23,218 (1982); J. V. 
Greiner etal., ibid. 22, 613 (1982); J. V. Greiner, S. 
J. Kopp, T. Glonek, ibid. 23, 14 (1982); J. V. 
Grelner et al., Exp. Eye Res. 34, 545 (1982); J. M. 
Pope, S. Chandra, J. D. Balfe, ibid., p. 57; S. J. 
Kopp, T. Glonek, J. V. Greiner, Science 215, 1622 
11982): S. Lerman et al.. Invest. Odhthalmol. Visual 
h i .  A; 99 (1983); S. J. Kopp, ?. Glonek, J. V. 
Greiner, Exp. Eye Res. 36,327 (1983); P. Ricz et al., 
ibid., . 663; T. Glonek, S. J. KO p, J V Greiner, 
P h o s p f r r s ~ u ~ v R e l a t .  Elem. 18, !29 (1983); R. G. 
Gonzdez et al., Exp. Eye Res. 39, 553 (1984); T. 
Schleich, J. A. Willis, G. B. Matson, ibid., p. 455; T .  
Schleich and J. A. Willis, LensRes. 2,99 (1984-85). 
R. G. Gonzdez et al., Invest. Ophthalmol. Visual Sci. 
22, 808 (1982). 
M. Jacobson et al., ibzd.24, 1426 (1983). 
H.-M. Cheng et d . ,  Exp. Eye Res. 40, 223 (1985). 
E. Cotlier, Can. J. Ophthalmol. 16, 113 (1981); E. 
Cotlier and Y. R. Sharma, Lancet 1981-1, 338 
(1981). 
P. F. Kador, L. 0. Merola, J. H. Kinoshita, Doc. 
Ophthalmol. Pvoc. Ser. 18, 117 (1979); P. F. Kador 
etal., Invest. Ophthalmol. VisualSci 19,980 (1980). 
J. A. Jedziniak and J. H .  Kinoshita, Invest. Ophthal- 
mol. 10, 357 (1971). 
L. T.  Chylack, Ophthalmologka, 91, 596 (1984). 
M. K. Gillis, S. C. Rivers, L. T. Chylack, Invest. 
Ophthalmol. ViSualSci.ARV0 Suppl. 19,12 (1980). 
R. H. Harding, L. T. Chylack, W. H. Tung, ibid. 
20. 34 (1981). 

20. A,-M. ~ o n z i e z ,  M. Sochor, P. McLean, Diabetes 
32.482 (1983). 

21. G. 'N. R&, B: Sadasivadu, E. Colier, Ophthalmic 
Res. 15, 173 (1983). 

22. This work was supported by a University of South 
Carolina Research and Productive Scholarship 
prant. W.F.W. was supported by an American Asso- 
hation of University women ~ducational Founda- 
tion Fellowship. We thank the following companies 
who donated investigated inhibitors: sulindac, 
Merck Sharp & Dohme; sorbinil, Pfizer Pharmaceu- 
ticals; tohestat, Ayerst Laboratories; and ibuprofen, 
Upjohn Company. We also thank J. W. Baynes, R. 
B. Dunlap, T. Schleich, and D. H. Williams for 
helpful discussions. 

4 November 1985; accepted 25 March 1986 

11 JULY 1986 REPORTS 225 




