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Myo-[3H]-inositol accumulation in cultured bovine lens

epithelial cells (BLECs) occurred by both high- and low-

affinity, Nat-dependent transport sites. High ambient

glucose significantly inhibited myo-[ 3 H]-inositol uptake;

the co-administration of sorbinil, an aldose reductase

inhibitor, prevented the inhibitory effect on the low-

affinity transport site. A glucose-sensitive process for

myo-[3 H]-inositol uptake on the high-affinity transport site

was uncovered by Lineweaver-Burk analysis. Dixon plot

analysis confirmed that the effect of glucose was due to

competitive inhibition of the high-affinity myo-inositol

transport site while the effect of sorbitol was due to

competitive inhibition of the low-affinity myo-inositol

transport site.
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CHAPTER I

INTRODUCTION

Diabetes is a common disease. It has been reported that

approximately 500,000 persons are diagnosed as diabetics in

America each year (1). The pathological manifestations of

diabetes affect almost every organ in the body, including;

heart, kidney, brain and eye. The irreversibility of the

complications makes diabetes a mortal disease.

For years people have attempted to uncover the aberrant

biochemical mechanisms which lead to diabetic complications.

Although the pathological manifestations of this disease

have been well characterized in many organ systems,

controversy still persists over the cause of tissue damage.

In recent years, several theories have been developed to

explain the pathological alterations of diabetic

complications. One hypothesis which attempts to explain the

biochemical alterations which lead to tissue damage is the

"myo-inositol (MI) depletion hypothesis" (2,3). Myo-

inositol and it's phospholipid metabolites

(phosphoinositids) are key elements in intracellular

regulation. Experiments in animals have demonstrated that

myo-inositol provides a fundamental link between

1
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hyperglycemia and the functional and structural impairment

resulting from hyperglycemia, in a variety of tissues prone

to diabetic complications.

Myo-inositol Metabolism

Myo-inositol is a natural constituent of mammalian

plasma and cells. In humans, approximately 0.5 g of dietary

myo-inositol is ingested per day (4). Although myo-inositol

can be synthesized by some tissues, for example, peripheral

nerve (5), evidence suggests that most tissue inositol is

derived from diet and is acquired through tissue-specific

transport systems (6). It has been suggested that there are

two distinct myo-inositol pools. One is a large, stable

pool that turns over very slowly in resting tissue. The

other is a small myo-inositol pool which is selectively used

for PI synthesis, the turnover of which is believed to

moderate Na-K+-ATPase activity. The small pool is

sensitive to fluctuations in extracellular myo-inositol

levels (7). In tissues, myo-inositol combines with CDP-

diacylglycerol to form phosphatidylinositol. Myo-inositol,

via incorporation into phosphatidylinositol effects cell

regulation (3). The phosphoinositides are specific

endogenous activators of" Na'-K+-ATPase (8,9). The two

metabolically active catabolites of phosphoinositide

turnover: inositol triphosphate and 1-stearyl, 2-arachidonyl
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diacylglycerol, function as receptor-mediated

"second messengers" (10). Inositol-1, 4, 5-triphosphate

mobilizes intracellular calcium and diacylglycerol binds to

and specifically activates protein kinase C (11). Protein

kinase C regulates the phosphorylation of Na-K-ATPase,

thereby modulating Na+-J('-ATPase activity(7).

Arachidonate-enriched diacylglycerol is also a source of

arachidonic acid, utilized by the cyclooxygenase and

lipoxygenase pathways for the synthesis of prostaglandins

and leukotrienes (7).

Myo-inositol and Cellular Function

As described above, phosphoinositide turnover yields

two "second messengers", that play important roles in

cellular functions. Phos:ihoinositide turnover in nerves

results from the electricoal fluxes accompanying normal nerve

transmission and maintains Na-K-ATPase activity at a

normal level. Myo-inositol depletion interferes with normal

phosphoinositide turnover and concomitantly, Na-K-ATPase

activity declines. Simmons et al. showed that depletion of

the small myo-inositol pool in peripheral nerve axons and

Schwann cells, by deprivation of extracellular myo-

inositol, inhibited 50% of the normal resting Na-K-ATPase

activity (12). The activity of Na-K-ATPase maintains the

high gradients of Na+ and K+ that normally exist across the
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plasma membrane of cells. It has been reported that the

resting membrane potential is significantly decreased in

cells grown in media containing 30 mM glucose or galactose.

But when 0.4 mM sorbinil (an aldose reductase inhibitor) was

administered, resting membrane potential improved as myo-

inositol levels returned to normal (13). The maintenance of

a Na+ gradient across the nervous plasma membrane is

required for the normal generation and conduction of an

action potential. This provides the driving force for Na+

entry through voltage-gated Na+ channels which, in turn,

generates an action potential (14). A normal Na+ gradient

across the plasma membrane permits essential metabolites,

e.g. amino acids and creatine, to be cotransported into the

cytosol with Na+ (7). Sodium gradient-dependent amino acid

uptake was reduced by 50% in untreated alloxan diabetic

rabbits (15).

Inositol phosphate concentration change during the

neuroblastoma cell cycle; two phosphoinositide peaks occur

during the course of the cell cycle. The first peak occurs

between the 2nd and 4th hour subsequent to mitosis, the

second peak occurs about the time of S phase. This suggests

that activation of phosphatidylinositol turnover generates a

signal that plays a role in cell cycle progression (16).

Myo-inositol acts as a non-nitrogenous osmoregulatory

molecule in the mammalian brain. This sugar alcohol has

been found to play an important osmoregulatory role both in



5

unicellular organisms and multicellular organisms, including

mammals (17).

Myo-inositol Changes Associated With Hyperglycemia

Myo-inositol depletion, resulting from the diabetic

condition, has been demonstrated in many tissues

(18,19,20,21). Two weeks after streptozotocin diabetes was

induced in rats, the concentration of free myo-inositol in

sciatic nerve was lower than in normal animals fed the same

diet, although the myo-inositol plasma concentrations did

not differ (22). Dyck t al. found that endoneurial

glucose, sorbitol and fruutose were substantially increased

while myo-inositol was decreased after 6 weeks of

streptozotocin-induced diabetes (20). The incorporation of

exogenous myo-inositol into membrane phosphatidylinositol

was also reduced with elevated extracellular glucose (21).

Yorek et al. reported that the accumulation of myo-inositol

and its incorporation into phospholipids was reduced 25% to

50% in cultured bovine aortic endothelial cells grown in the

presence of 30 to 50 mmol/L glucose (23). Hyperglycemia

causes a reduction of myo-inositol content in cells due to

decreased myo-inositol upt ake. Myo-inositol incorporation

into inositol containing phospholipids is also dependent on

myo-inositol uptake. The myo-inositol taken up by cultured

cells destined for inositol phospholipid synthesis does not
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equilibrate with the total intracellular myo-inositol

pool(24). It has been suggested that only one of the two

distinct pools of myo-inositol in neuroblastoma cells may

contribute to inositol phospholipid synthesis (24). Since

myo-inositol and the phowiphoinositide-derived products play

an important role in cellular function, the depletion of

either component might form the biochemical basis for the

pathological alterations of diabetic complications.

Myo-inositol and Diabetic Complications

Diabetic complications are associated with almost every

tissue in the body. Altered nerve myo-inositol metabolism

is firmly linked to nerve conduction abnormalities in the

diabetic rat. Experiments have demonstrated that two weeks

of untreated streptozocin- nduced diabetes decreased both

motor conduction velocity and concentrations of myo-inositol

in the sciatic nerves of rats. When the streptozotocin-

induced diabetic rats were given dietary myo-inositol

supplementation, the decrease in nerve conduction and the

depletion of myo-inositol were corrected, whereas the

abnormally high glucose levels in the blood and nerve, as

well as elevated concentrations of sorbitol and fructose in

the nerve, were not affected (22,25). This suggested that

myo-inositol depletion was linked to decreased nerve

conduction velocity. Experiments with cultured retinal
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pigmented epithelial (RPE) cells have yielded similar

findings, both myo-inositol content and Na-K-ATPase

activity were decreased and abnormal electroretinograms were

apparent in diabetic rats. Dietary myo-inositol

supplementation corrected the electroretinographic

abnormalities localized to the RPE as myo-inositol content

and Na-K-ATPase activity were corrected (26,27,28). Myo-

inositol supplementation ialeo restored Na-K-pump activity

and resting membrane potont:.ial in cultured neuroblastoma

cells (24). Experiments with renal medullary and cortical

tissues also found that myo-inositol supplementation can

prevent the decrease in activity of Na-K-ATPase associated

with experimental diabetic rats (29). Similar malfunctions

associated with myo-inositol depletion have been identified

in the other tissues; including microvasculature (30,31),

retina and cornea (32,33), and renal glomerulus (34) of

acutely diabetic rodents.

The nature of the relationship between myo-inositol

depletion and diabetic complicationss is still unclear.

Several independent linrk of investigation have identified

Na+-K-ATPase as a key link between altered tissue myo-

inositol metabolism and nerve function in diabetes.

Experiments have shown that resting energy consumption was

reduced by 40% in nerves removed from diabetic animals (35).

This difference in energy consumption in nerves from normal

and diabetic animals was eliminated when NaK-ATPase was
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inhibited by ouabain. Thuae the diminished energy

consumption observed in the nerves of animals with diabetes

was the result of an alteration of Na-K-ATPase (36).

Further, Na+-K-ATPase in nerves is linked to myo-inositol

metabolism through diacylglycerol-stimulated activation of

protein kinase C (37). The product of phosphoinositide

turnover, diacylglycerol (DG),, is an agonist that stimulates

protein kinase C. It is thought that Na-K-ATPase activity

is regulated by cyclic-AMP-independent membrane bound

protein kinase activity (38). Myo-inositol depletion could

provide the missing link between the association of DG-

stimulated PKC activity mind the Na -K-ATPase defect in

diabetic nerves. Experimental results have shown that the

protein kinase C agonists: phorbol myristic acid (PMA) and

DG normalized depressed ouabain-inhibitable respiration (a

measure of Na-K-ATPase activity) (37). The intracellular

sodium accumulation caused by impaired Na -K -ATPase

activity may selectively block nodal depolarization in nerve

fibers thought to contribute to the subsequent development

of characteristic lesions of the nerve system in both

diabetic animals and patients (39).

Myo-Inositol Transport system

Intracellular myo-inositol concentrations are several

fold higher than in the circulation, with brain and
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neuroretinal tissue having the highest concentrations (40).

Although a high intracellular myo-inositol concentration

could be maintained by synthesis from glucose, it's known

that intracellular inositoll in many tissues is acquired by a

specific transport system (41). It has been observed that

elevated plasma glucose concentrations are associated with

lowered myo-inositol tissue concentrations (42,43,44,45,46),

suggesting that high ambient glucose negatively impacts on

the myo-inositol transport site(s).

The predominant myo-inositol transport system is

sodium and energy dependent(47,44,45). Dongles. et al.

found that in rabbit peripheral nerve tissue, myo-inositol

uptake is tightly linked to the sodium-ion electrochemical

gradient at the plasma membrane, since uptake is impaired by

conditions which raise Intracellular sodium (ouabain) or

lower extracellular sodLium (choline buffer) (47). The

energy source required for the transport system is generated

by electrochemical gradients which are dependent on membrane

ion pumps (47). Hyperglycemia can reduce Na'-K' pump

activity (49) and further impair the myo-inositol uptake

process. It has been reported that in the nervous system, a

sodium-dependent transport system is responsible for up to

94% of myo-inositol uptake (50). Myo-inositol transport is

also dependent on the myo-inositol concentration and is

saturable with a Km reported from 10 uM to 400 uM

(45,47,49,50).
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Controversy persists as to whether the myo-inositol

transport system is composed of one or two transport sites.

Researchers have reported that myo-inositol uptake occurs by

two distinct transport systems in endoneurial preparations

(51), mouse cerebral microvessel endothelial cells (52), and

rat glomerular mesangial cells (53). Hanada et al.

indicated that the myo-inositol content of glomerular

mesangial cells is mairnt fi ined by two processes: a glucose-

sensitive but sorbitol insensitive process, and a sorbitol

(aldose reductase) sensitive process (53). Yorek et al.

showed that in cultured mouse cerebral microvessel

endothelial cells, myo-inositol uptake occurred by both a

high and low-affinity transport system. Both transport

systems appear to be Na-dependent. The mechanism by which

hyperglycemia inhibits myo-inositol uptake appears to be

different in the high and low-affinity transporter systems

(54). However, other researchers report only one

transporter (54,55,56). Ambiguous results may be due to the

tissue differences and s[p)oificity of physical

characteristics of the carrier proteins. It is likely that

a superfamily of myo-inositol carrier proteins, both Na -

dependent and Nat-independent will ultimately be identified.

Controversy also remains as to whether myo-inositol and

glucose share the same carrier protein. Cytochalasin B

binds to the glucose transporter and blocks glucose

transport, but does not inhibit myo-inositol transport. L-
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glucose does not block glucose uptake, but inhibits myo-

inositol transport (52). Also, myo-inositol does not show

affinity for the binding site of the glucose

transporter(57). These experimental results suggest that

glucose and inositol transporters may be distinct.

The mechanism of myo-inositol depletion by hyperglycemia

The precise mechanism of interaction between glucose

and myo-inositol transport is obscure. The observation that

hyperglycemia selectivelV interferes with carrier-mediated

myo-inositol transport hIiAs been reported in numerous tissues

(58,59,60,61,62,63).

A number of theories have been suggested to explain the

mechanism of hyperglycemic-induced attenuation of myo-

inositol uptake. One theory takes advantage of structural

similarities between glucose and myo-inositol which results

in competitive inhibition of myo-inositol transport

(45,54,55). Another states that hyperglycemia interferes

with myo-inositol transport indirectly through the polyol

pathway (49,50,58). Neither theory satisfactorily explains

the mechanism of myo-inof.I tol depletion.

The stereochemical Ntructural similarity between

glucose and myo-inositol may account for the competitive

inhibition by glucose on myo-inositol transport. However,

the glucose analogues, 2-deoxy-glucose and 3-0-methyl-
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glucose do not inhibit myo-inositol transport (52). This

suggests that the hydroxyl groups on carbons 2 and 3 of

glucose are important for Inhibitory activity. The hydroxyl

groups on carbons 2 and I of D- and L-glucose and galactose

are, like myo-inositol, in a vicinal-trans-diol arrangement

which may be part of the recognition site of the inositol

transporter. This observation is further supported by the

fact that D-mannose does not inhibit myo-inositol uptake.

The hydroxyl groups on carbons 2 and 3 of mannose are in a

cis configuration (52).

Competitive inhibition of glucose on myo-inositol

transport was found in cultured porcine aortic endothelial

cells (21), mouse cerebral microvessel endothelial cells

(52), rabbit renal brush border vesicles (45),, rabbit

peripheral nerve (44), tnui cultured rat glomerular mesangial

cells (53). Kinetic analysis has shown that an increase in

the Km for high-affinity myo-inositol transport occurred

when cells were exposed to D-Glucose or L-Glucose.

Other workers have reported that the capability of high

ambient glucose to inhibit myo-inositol uptake was lost as

the extracellular myo-inositol concentration was increased

to 100 umol/L. This suggests the existence of two distinct

myo-inositol transport mechanisms: high-affinity transport

and low-affinity transport, and that only the high affinity

myo-inositol transport system is inhibited by glucose.

Alternatively, other exjprlments have suggested that
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glucose-attenuated myo-inositol uptake is not solely

explained by competitive inhibition. Caspary and Crane

demonstrated that the inhibitory effect of D-glucose on myo-

inositol transport was due to interaction at the level of

translocation, possibly by collapse of the sodium gradient

(42). Experiments with renal brush-border vesicles have

demonstrated that D-gluioome inhibited myo-inositol influx in

two ways: by sharing the imiyo-inositol carrier (competitive

inhibition) and by dissipation of the membrane potential

(noncompetitive) (45). Similar kinetic analyses with bovine

retinal capillary pericytes (61) and cultured neuroblastoma

cells (49, 58) found that in the high glucose condition,

Vmax for inositol uptake was significantly decreased with

little change in the Km, suggesting glucose decreased myo-

inositol uptake in this system by non-competitive inhibition

instead of competitive inhibition. Differences in myo-

inositol inhibition are likely due to tissue specificity or

experimental conditions (for instance, the concentration

range of myo-inositol employed for the kinetic analysis).

Another theory to explain the mechanism of

hyperglycemic-induced attenuation of myo-inositol uptake is

the sorbitol (osmotic stress) hypothesis. The polyol

pathway consists of two reactions: free intracellular

glucose reduced to sorbitol and sorbitol oxidized to

fructose. Since both polyol pathway enzymes are highly

substrate dependent, the sequential reduction of glucose to
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sorbitol and sorbitol oxidation to fructose are primarily

regulated by the intracellular glucose concentration, and

are thus accelerated by hyperglycemia. Sorbitol, which

diffuses poorly across cell membranes, accumulates

intracellularly when polyol pathway flux is high. A rise in

extracellular glucose increases the concentrations of

sorbitol and fructose in the lens (65). The activation of

the polyol pathway by hyperglycemia is believed to play a

major role in the development of diabetic pathological

changes (66). The mechnnlinm by which accumulated polyol

causes pathological chnwr;es in diabetic tissue is still

unclear.

Sorbitol accumulation induces osmotic swelling(67).

Increased peripheral nerve polyol pathway activity resulting

from hyperglycemia promotes abnormal nerve sorbitol and

fructose accumulation, resulting in tissue osmotic swelling.

This secondary osmotic swelling is thought to be the cause

of both the functional and morphologic alterations in

diabetic nerve. But this hypothesis has been questioned on

the basis of several observations in diabetic rat sciatic

nerve: 1) diabetic peripheral nerve accumulates micromolar

rather than millimolar uonentrations of sorbitol, and as

such is unlikely to be osmotically significant unless highly

localized anatomically(68), 2) nerve water content is not

universally increased even when impulse conduction is slowed

(70), and 3) increased tissue water is anatomically confined
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to the extracellular space, while sorbitol accumulation is

primarily intracellular (69).

The effect of sorblti:dl accumulation on functional and

morphological dysfunction in the diabetic peripheral nerve

is likely to be much more complex than osmotic swelling,

involving not only polyol pathway intermediates but also

concomitant alterations in nerve myo-inositol

metabolism(62,69,66,71). Increasing dietary myo-inositol

supplementation, which can normalize the plasma

concentration of myo-inositol in diabetic rats, prevented

the development of decreased motor nerve conduction velocity

(MNCV) associated with hyperglycemia. However, nerve

glucose, sorbitol and fructose content in the diabetic rats

were not altered by myo- Inositol supplementation, indicating

that increased polyol padthway activity was not the direct

causative factor of the decreased MNCV (70). Treatment with

the aldose reductase inhibitor, sorbinil, prevented the

characteristic fall in diabetic nerve myo-inositol

concentration (49), suggesting a relevant metabolic

interplay between polyol accumulation and myo-inositol

metabolism in diabetes. But the mechanism by which polyols

alter diabetic tissue myo-inositol content is obscure.

The "slow leak" model implies that the polyol pathway

may influence peripheral nerve tissue myo-inositol primarily

by altering efflux (66 , 1 1), Perturbations in either myo-

inositol uptake or myo-inusitol efflux could significantly
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alter tissue myo-inositol concentration. But the mechanism

by which myo-inositol efflux is influenced by increased

polyol pathway activity in lens is poorly characterized.

Exposure of neuroblastoma cells to high ambient glucose

(at least two weeks) caused intracellular sorbitol

accumulation. The preseonlte of 1 mM extracellular sorbitol

also caused an increase loi cellular sorbitol and both

conditions elicited a similar decrease in free myo-inositol

content and accumulation. The observed effects of glucose

and sorbitol were not additive (57). It was suggested that

the effect of high glucose was mainly through subsequent

sorbitol accumulation which non-competitively inhibited myo-

inositol transport. In that study, competitive inhibition

by glucose for myo-inositol uptake was thought to play a

minor role (57).

Activation of the polyol pathway might alter NADH/NAD+

and NADPH/NADP*. It has been suggested that these

fluctuations in pyridit nucleotide ratios might provide the

missing link between polyol accumulation and myo-inositol

depletion.

Alteration of the pyridine nucleotide ratio, thereby

limiting accessibility to essential co-factors, might

inhibit endogenous myo-inositol synthesis. Although tissue

myo-inositol in the lens is maintained primanly by myo-

inositol uptake from exogenous myo-inositol, myo-inositol

synthesis is predominant in many tissues. The rate-limiting
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enzyme for myo-inositol synthesis, L-myo-inositol-l-p

synthase, is an NAD'-requiring enzyme. But sorbitol

oxidation to fructose reduces NAD', thereby diminishing the

concentration of one of the co-factors necessary for myo-

inositol synthesis. Hence, endogenous myo-inositol

synthesis might be reduced. This represents a possible

mechanism of polyol -induced myo-inositol depletion for

those tissues which mainly rely on myo-inositol synthesis as

a source of myo-inositol (74). Alternatively, increased

polyol pathway activity ginlht alter the NADPH/NADP+ ratio

since the reduction of glucose to sorbitol requires the

oxidation of NADPH to NADP'. The NADPH/NADP+ redox

potential is linked to glutathione by the glutathione

reductase reaction: GSSG+NADPH+HI 2GSH+NADP+. NADPH

depletion as possibly caused by activation of the polyol

pathway might reduce GSH content and thus impair membrane

transport proteins. Brief exposure of bovine lens

epithelial cells (BLECs) to high ambient galactose resulted

in a loss of cellular glutathione (GSH) as galactitol

increased (75). Sorbinil prevented 60% decrease in the

concentration of GSH In nI:he lens of the alloxan-diabetic

rat(76). Alteration of 08iH content might effect sodium-

potassium-ATPase activity and further impair sodium-

dependent myo-inositol uptake(77). But recent studies with

BLECs demonstrated that myo-[3 H]inositol uptake and

dysfunction in Na-K-ATPase are not associated. After 5-
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days of exposure to galactose, the Na-K-ATPase pumping

activity did not change, its demonstrated by 8 8Rb uptake, but

the uptake of myo-[31i])Inusil tol was significantly lowered in

BLECs. The coadministration of sorbinil to the galactose

medium normalized the myo-[3 H]inositol uptake independent of

changes in Na -K-ATPase pumping activity (78). It has

recently been shown that the aldose reductase inhibitor,

sorbinil, effects the myo-inositol metabolism of isolated

glomeruli via a mechanism other than aldose reductase

inhibition. Sorbinil stimulated Na-K-ATPase activity

directly in isolated glomeruli in vitro (79). Sorbinil also

has other direct actions on myo-inositol metabolism;

including stimulation ol' (e novo biosynthesis of myo-

inositol (53) etc.

The relative importance of the two mechanisms that lead

to reduced myo-inositol levels in diabetic nerve, namely;

competitive inhibition of sodium-dependent myo-inositol

uptake by glucose, and increased polyol pathway activity, is

uncertain. However, It is very likely that altered myo-

inositol and sorbitol metabolism are metabolically and

perhaps functionally closely linked (74). The metabolic

interaction between sorbitol and myo-inositol metabolism

linked with other metabolic defects associated with diabetic

tissue, including impaired sodium-potassium ATPase activity

and protein kinase C aolIvity, form a self-reinforcing

pathophysiologic cycle (3). This self-reinforcing
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pathophysiologic cycle provides the basis for the influence

of hyperglycemia on the development of diabetic pathology.

In this study, the nature of the association between

high ambient glucose, the polyol pathway and aldose

reductase inhibition on in vitro myo-inositol (MI) uptake in

cultured bovine lens epit:helial cells (BLECs) was

investigated.



CHAPTER II

MATERIALS AND METHODS

Cell culture

Bovine (Bos taurus) yes obtained from a local

slaughterhouse were brought on ice to the laboratory where

the lenses were removed aseptically. After making incisions

on each side of the equator, the anterior capsule of each

lens, with its epithelium attached, was peeled away from the

cortex and placed in a 60 mm petri dish in 5 ml of a growth

medium composed of Eagle's minimal essential medium (MEM)

supplemented with 10% calf serum, nonessential amino acids,

5 mg/L ascorbic acid, 20 mg/L gentamycin sulfate and basal

medium Eagle vitamin solution. This growth medium contains

approximately 10-15 uM myo-inositol, the primary

contribution deriving from the vitamin solution. Cells were

maintained in a water hImildified atmosphere of 5% C02 -95%

air at 370 C as previously described by Cammarata et al (80).

Cell outgrowth after 2-3 weeks from the capsule to the petri

dish was dispersed in Ca2'-Mg 2+ free MEM containing 0.125%

trypsin-0.05% EDTA and transferred to a 75-cm
2 culture

flask. The cells originating from two to three capsules were

20
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placed in each culture flask with 25 ml of growth medium.

Upon reaching confluenoi, the cells were again dispersed and

subcultured in a split ratio of 1:10 in 25-cm2 culture

flasks containing 5 ml of growth medium. The majority of

studies were performed with confluent monolayers in 25-cm
2

culture flasks (representing second passage cells). For the

determination of intracellular sorbitol, confluent 150-cm
2

culture flasks were employed, again using cells of the 2nd

pass. Where indicated for experimental purposes, further

supplementations to the medium are described in the text.

Myo-inositol accumulation

Extracellular myo-inositol uptake was determined as

follows: the cultured cells were divided into groups and the

medium replaced with; (1) physiological medium (5.5 mM

glucose, MEM) or (2) physiological medium containing 5.5 mM

glucose further supplemented with 34.5 mM fructose, or (3)

40 mM glucose or (4) 40 mM galactose (Sigma, St. Louis, MO).

All culture media contained approximately 15 uM myo-

inositol. The cultures were maintained under these

conditions for 20 h before the addition of myo-[3 H]inositol

to the serum-supplemented media. The accumulation of myo-

[3H]inositol was achtovtid by incubating the cultured cells

in the presence of 0.25 uC(2I/ml medium myo-[3 H]inositol (94

Ci/mmol; Amersham, Arlington Heights, IL) for up to 8 h.
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After isotope incubation, the medium was removed, and the

culture flasks were rinsed three times with ice-cold Ca 
2 -

added phosphate-buffered saline (137 mM NaCl, 8 mM dibasic

sodium phosphate, 0.7 mM calcium chloride, pH 7.2) and

drained overnight at 4)( .five milliliters of 2% sodium

carbonate in 0.1 N sodium hydroxide was added to each flask

and left overnight at room temperature to insure cell lysis.

Replicate 1.0 ml aliquots were taken for liquid-

scintillation counting (Packard TriCarb 4640, Laguna Hills,

CA). Triplicate 25 ul aliquots were taken for protein

determination by the method of Bradford et al (80), with

bovine serum albumin (Sigma, St. Louis, MO) as standards.

Accumulation of myo-[H]inositol was expressed as counts per

minute (cpm) per milligram of protein in individual culture

flasks.

For the measurement of passive efflux, BLECs were

preloaded for 4 h with :ie appropriate serum-supplemented

medium in the presence of 0.25 uCi/ml of myo-[3 H]inositol.

After the load-up period, the culture flasks were rinsed 2x

with 5 ml of the appropriate medium and 5 ml of fresh medium

was added. The efflux experiments were performed over a 5 h

period. The efflux was expressed as the percentage of

radioactivity initially present in the cultured lens

epithelium.

The determination of sodium-dependency on myo-inositol

accumulation was conducted in a manner similar to that
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described above except that for these studies, a more

simple, serum-free medium (medium A) was employed. Medium A

consisted of the following; 5.5 mM glucose, 135 mM NaCl, 5.4

mM KCl, 1.8 mM CaCl2 , 34.5 mM fructose and 10 mM N-2-

hydroxyethylpiperazine-N-2-ethanesulfonic acid, HEPES, pH

7.4. All cells previously cultured in MEM were switched to

medium A for a 90 min equilibration period. Thereafter,

cells were switched to fresh medium A with the addition of

myo-[3H]inositol (1.0 tCI/m) and the uptake of the isotope

determined either for an 8 h incubation (collecting samples

at the end of the first and second hour and every two hours

thereafter) at 15 uM myo-inositol (sodium-dependent time

course) or for 3 h over a concentration range of 0-100 uM of

supplemented myo-inositol (Sigma, St. Louis, MO). To

determine the sodium-dependency of myo-inositol uptake,

studies were carried out in medium A replacing NaCl on an

equal molar basis with N-methyl-D-glucamine hydrochloride

(Sigma, St. Louis, MO). The osmolarity of the NaCl-

supplemented medium A and the N-methyl-D-glucamine-

substituted, medium A wa :320 5 m osm vs. 314 5 m osm,

respectively. Sodium-dependent myo-inositol uptake was

calculated by subtracting the uptake of myo-inositol by

cells incubated in N-methyl-D-glucamine from the total

uptake obtained in the NaCi-containing medium.

The effect of acute exposure (hereafter operationally

defined as a 3 h incubation period in serum-free medium A)
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of cells to 40 mM D-glutooie or 40 mM L-glucose (Sigma, St.

Louis, MO) on myo-[HI]inuuitol uptake was conducted

essentially as described above. For these experiments, cells

previously maintained in MEM were switched to medium A 
for a

90 min equilibration period prior to being divided into

three groups: (1) medium A containing 5.5 mM glucose and

34.5 mM fructose; (2) medium A containing either 40 mM D-

glucose, or; (3) 40 mM L-glucose (neither with fructose

supplementation). Myo-inositol accumulation was followed by

the addition of a trace amount of myo-[3 Hjinositol (1.0

uCi/ml) over a concentration range of 1.5-400 uM myo-

inositol for a 3 h uptake period at 370 C.

The effect of chroni exposure (hereafter operationally

defined as a 20 h incubation period in serum-supplemented,

physiological medium) of cells to 40 mM D-glucose on myo-

[3H]inositol accumulation was carried out in a fashion

similar to that described above with exception that cultured

BLECs were maintained in either serum-containing,

physiological medium (MEM) or physiological medium

containing 40 mM glucose (Glu) in the presence or absence of

0.1 mM sorbinil (Pfizer, Groton, CT) for 20 h prior to being

divided into three groups for a 90 min equilibration period;

(1) medium A with 5.5 mM lucose and 34.5 mM fructose, or

medium A with (2) 40 mM tjlucose or (3) 40 mM glucose and 0.1

mM sorbinil. At the end of 90 min, the cultures were

switched to the appropriate medium A containing a trace
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amount of myo-[ 3 H~inositol (1.0 uCi/ml) over a concentration

range of 1.5-400 uM myo-inositol for a 3 h uptake period at

370C.

Analysis of glucose uptake was conducted with serum-

free medium A and a traoe amount of 2-deoxy-D-[2,6-

3H]glucose (34 Ci/mmol, Amersham, Arlington Heights, IL).

The cultured BLECs were acutely exposed to the isotope for 3

h at 370C containing the supplements described for each

experiment.

Kinetic Parameters

The kinetic parameters for myo-inositol uptake were

determined by chronic exposure of cells to 40 mM D-glucose

on myo-[ 3H]inositol accumulation as described above.

Following the incubatJoti, the cells were washed in ice-cold

Ca2+-added phosphate-buft'ered saline and radioactivity and

protein determinations performed as described in the

preceding section.

Experiments for Dixon plot analysis were performed as

follows: cells previously maintained in MEM were switched to

medium A for a 90 min equilibration period prior to being

divided into four groups; medium A containing 5.5 mM, 11 mM,

22 mM and 44 mM D-glucose. All experimental sets contained

0.1 mM sorbinil. Myo-inositol accumulation was followed by

the addition of 1.0 uCi/m. myo-[
3H]inositol and selected
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myo-inositol concentrations as described in Results for a 3

h uptake period at 370C. Essentially the same experiment was

performed with 10 mM, 20 mM, 30 mM and 40 mM sorbitol with

the exception that sorbinil was not present prior to or

during the uptake period.

Intracellular Sorbitol

Intracellular sorblit(il was identified by anion exchange

chromatography and pulsed electrochemical detection using a

Dionex BioLC chromatographic system consisting of an HPLC

pump, a pulsed electrochemical detector (PED), an eluant

degassing module, two CarboPac PAl anion exchange columns (4

x 250 mm) connected in tandem and a CarboPac PA Guard column

(Dionex Corp., Sunnnyvale, CA). The mobile phase was

delivered by the HPLC pump at 1.0 ml/min at a pressure not

exceeding 2400 psi. The elution program was as follows;

column regeneration for 10 min with 250 mM NaOH followed by

column equilibration for 20 min in 3.75 mM NaOH prior to

sample injection. The mobile phase (3.75 mM NaOH) is

delivered for 7 min followed by the introduction of a

gradient from 3.75 mM NaOH to 25 mM NaOH over the next 33

min. Thereafter, the mobile phase is held at 25 mM for an

additional 15 min. Sorbitol was identified by comparison of

sample retention time with that of standard sorbitol.

Quantitation was achieved by comparison of the sample peak
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area with that of a known amount of standard sorbitol. Myo-

inositol, xylitol, galactitol, sorbitol, mannitol,

galactose, glucose, xylose, mannose and fructose were

obtained from Sigma Chemical Co. (St. Louis, MO). Reagent

grade sodium hydroxide solution (50%, w/w) was obtained from

Baker Chemical Co. (Phillipsburg, NJ). HPLC grade water was

produced by a Milli-Q water purification system (Millipore,

Bedford, MA).

Confluent monolayers of bovine lens epithelial cell

were maintained in either MEM or Glucose in the presence or

absence of 0.1 Mm sorbinil or 0.1 Mm zopolrestat (Pfizer,

Groton, CT) for 20 h prior to being dispersed with trypsin,

suspended in Ca2+-Mg2+-fret MEM and centrifuged at 2500 x g

at 40C for 8 min. The cells were resuspended in 1.5 ml of

0.1 M potassium phosphate, pH 7.6 and cell disruption

accomplished by rapid freezing in liquid nitrogen and

thawing at 370 C, the process being repeated three times.

Thereafter, the samples were transferred to a 5.0 ml Dounce

homogenizer and subjected to five strokes while being

maintained in an ice-bath. The homogenate was centrifuged at

18,000 x g at 40C for 20 min and the cell pellet saved for

protein determination. The supernatant was adjusted to 2.0

ml by the addition of 0. 1 M potassium phosphate and an

aliquot removed for protein determination. The remaining

supernatant was deproteinated by centrifugation at 5000 x g

for 90 min using Centricon concentrators with a 10,000 MW
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cutoff (Amicon, Danvers, MA) and 25 ul of the filtrate

directly applied to the columns without further treatment.

Statistical Analysis

Statistical analyses were performed with the SAS

program in PC system and statistical programs from Tallarido

and Murray (81) adapted for the IBM PC-XT. Appropriate

statistical analyses were applied to each group of data as

indicated.



CHAPTER III

RESULTS

1. The effect of fructose tonicity adjustment on

myo-inositol uptake

Figure 1 shows that supplementation of control

physiological medium (MEM, 5.5 mM glucose) with fructose

(34.5 Mm), so as to equalize the tonicity of the glucose

medium (Glucose, 40 Mm), resulted in a myo-inositol uptake

which was virtually indistinguishable from the one generated

with the cells maintained in physiological medium without

fructose adjustment (Fig. 1). Consequently, all subsequent

experiments were performed with control medium appropriately

adjusted for tonicity by fructose supplementation. T test

comparisons of the slopes of the linear regression of myo-

inositol uptake in the four treatment conditions showed that

supplementation of the control physiological medium with

fructose had a regression line which was not significantly

different from the regression line of MEM. The other two

conditions, glucose and galactose, are significantly

dif ferent from MEM (Table 1) .

29
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Fig.1. Effect of fructose tonicity adjustment on myo-

inositol uptake in cultured bovine lens epithelial cells

(BLECs). Confluent BLECs were maintained in physiological

medium, (Eagle's minimal essential medium, 5.5 mM glucose,

[MEM]) or MEM supplemented with 34.5 mM fructose, or 40 mM

Glucose or 40 mM Galactose for a 20 h exposure period. At

conclusion of incubation period, corresponding fresh medium

plus myo-[3H]inositol (0.25 uCi/ml) was introduced to

cultures, and time course of uptake of radiolabel was

followed for 8 h. Triplicate cultures were collected for

each of designated times and replicate samples of each

culture were taken for determination. Data points are means

+ SE (n=3).
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2. The effect of high concentration of sugar on

myo-inositol efflux

In order to establish whether the apparent decrease

in myo-inositol uptake was attributable to enhanced efflux

of myo-inositol from the cells to the medium, BLECs were

preloaded with myo-[3 H]inositol and the efflux of the

radiolabel out of the cell followed. The efflux of myo-

[3H)inositol (Fig. 2) was essentially the same for cultured

lens cells exposed to Glucose for 20 h as with physiological

medium (not significant: by the comparison of slope of

regression line) (tablo 2). Likewise, the efflux of myo-

[3H]inositol was not affooted by the fructose-adjusted

control medium, indicating that the high concentrations of

sugar as well as the medium osmolarity do not affect the

myo-inositol efflux under these experimental conditions.

3. Sodium-Dependent Myo-inositol Uptake

For these experiments, the physiological medium

normally used to maintain the cell cultures was replaced

with a simpler, serum-F ree medium (medium A) containing a

trace concentration of myi-[ 3 lH]inositol (1 uCi/ml of medium)

and incubation continued for up to 8 hours. The time course

of myo-[3H]inositol uptake in BLECs in medium A was linear

for 8 hours and sodium-dependent (Fig. 3). Therefore, a 3
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Fig. 2. Effect of glucose [Glu] and galactose (Gal) on

myo-inositol efflux in cultured bovine lens epithelial

cells (BLECs). Lens cultures were maintained in

physiological medium , (Eagle's minimal essential medium,

[MEM]) or MEN supplemented with 34.5 mM fructose, or 40 mM

Glu or 40 mM Gal for one day before incubation in 0.25

uCi/ml myo[3 H)inositol for 4 h. Preloaded cells were

switched to fresh medium without isotope, and triplicate

cultures were collected after 1 h and every hour thereafter

up to 5 h, and replicate samples of each culture were taken

for determination. Efflux of myo-inositol was expressed as

percentage of radioactivity initially present in lens cells.

Data points are means SE (n=3).
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hours incubation period was selected for subsequent (acute

exposure) experiments. Myo-inositol uptake was sodium-

dependent as observed over a concentration range of 1.5-100

uM (Fig. 4). Replacement: of sodium on an equal molar basis

with N-methyl-D-glucamine demonstrated that the sodium-

dependent myo-inositol uptake accounted for greater than 95%

of the total uptake.

Myo-inositol Transport is Distinct from Glucose Transport

D-glucose can be metabolized by the lens cells,

enantiomeric form, L-glucose is non-metabolizable and as

such represents a valid control to test for glucose-induced

inhibition of myo-inositolI uptake. Therefore, to determine

the acute effect of D-qlin:ose and its enantiomer, L-glucose,

on myo-inositol uptake, cells maintained in physiological

medium (having never been exposed to high ambient glucose)

were switched to serum-free medium A containing either 40 mM

D-glucose or L-glucose and a trace amount of myo-

[H]inositol during a 3 hour uptake period over a range of

1.5-400 uM myo-inositol (Fig. 5). Control cells were

maintained in 5.5 mM D-glucose, serum-free medium A. The

uptake of myo-[ 3H]inositol was inhibited by acute exposure

of cultured cells to both D-glucose and L-glucose-containing

medium A. Lineweaver-Burk transformation (inset) was

indicative of competitive inhibition for both D-glucose and
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Fig.3. Time course of myo-inositol uptake. BLECs were

incubated in serum-free, Na -HEPES buffer (medium A) or this

buffer containing N-methyl-D-glucamine, replacing NaCl on an

equal molar basis. Both buffers contained 15 uM cold myo-

inositol. Myo-inositol uptake was determined by collecting

triplicate flasks for each of the designated times, and

replicate samples of each flask were taken for

determination. The data represents the mean SE (n=3).
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Fig.4. Sodium-dependent myo-inositol uptake. BLECs were

incubated in serum-free, Na -HEPES buffer (medium A) or

this buffer containing N-methyl-D-glucamine, substituting

NaCl on an equal molar basis. Myo-inositol uptake was

determined by collecting triplicate flasks after a 3 h

incubation period over a myo-inositol concentration range of

1.5 - 100 uM. Replicate samples of each flasks were taken

for determination. The data represents the mean SE

(n=3).
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Fig. 5. Effect of D-glucose and L-glucose on myo-inositol

uptake. BLECs were incubated in medium A over a

concentration range of 1.5 - 400 uM myo-inositol with the

inclusion or omission of 40 mM D-glucose or 40 mM L-glucose.

Subsequent to a 3 h exposure period, myo-inositol uptake was

determined by collecting triplicate flasks. Replicate

samples of each flask were taken for determination. Data

points are means SE (n=3).
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L-glucose.

Glucose transport by bovine lens epithelial cells was

examined by monitoring 2-deoxy-D-[(3H]glucose accumulation.

As shown in Fig. 6, specific 2-deoxy-D-glucose uptake by

cultured BLECs was primarily sodium-dependent. However,

unlike myo-inositol, a substantial sodium-independent

process was also observed when sodium was replaced by N-

methyl-D-glucamine. Not unexpectedly, 2-deoxy-glucose

accumulation was markedly inhibited by 40 mM D-glucose in

serum-free medium containing either 15 uM or 150 uM myo-

inositol (Fig. 7). However, in contrast to myo-inositol

uptake (Fig. 5), 40 mM L-qlucose significantly stimulated 2-

deoxy-D-[3 H]glucose uptake, irrespective of the myo-inositol

concentration. Moreover, 2-deoxy-D-[3 H]glucose uptake itself

appeared to be independent of the myo-inositol concentration

in the medium.

5. Effect of 40 mM Glutone and Aldose Reductase Inhibition

on Myo-inositol Uptake

To determine the chronic effect of high ambient glucose

on myo-inositol uptake, cultured cells were exposed to

Glucose for 20 hours and thereafter switched to 40 mM

glucose-containing, serum-free medium A containing a trace

amount of myo-[3 H]inositol during a 3 hours incubation

period. Control cells were maintained in 5.5 mM glucose-
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Fig. 6. Time course of 2-deoxy-glucose uptake. BLECs were

incubated in serum-free, Na - HEPES buffer (medium A) or

this buffer containing N-methyl-D-glucamine, replacing NaCl

on an equal basis. Both buffers contained 5.5 mM D-glucose,

a trace amount of 2-deoxy- [ 3H]glucose and 15 uM

supplemented myo-inositol. 2-Deoxy-glucose uptake was

determined by collecting triplicate flasks for each of the

designated times. Replicate samples of each flask were

taken for determination. Data presented are means SE

(n=3).



Sodium-Dependent [3H]-2-Deoxy-Glucose Uptake

60000

* + sodium (A)
*-sodium (B) A

50000

40000

30000 B

20000

10000

1000

0 2 4 6 8

Time (hours)

45

0
L
cn

E

E



46

Fig. 7. Effect of D-glucose and L-glucose on 2-deoxy-glucose

uptake. BLECs were incubated in medium A containing either

15 uM myo-inositol or 150 uM myo-inositol in the presence or

absence of 40 mM D-qI unnIe or 40 mM L-glucose and a trace

amount of 2-deoxy- [ 3 1 "Itiose. After a 3 h incubation

period, 2-deoxy-gluwose uptake was determined by collecting

triplicate flasks. Replicate samples of each flask were

taken for determination. Data presented are means SE

(n=3).
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containing, serum-free medium. The uptake of myo-

[H~inositol was reduced after chronic exposure of cultured

cells in Glucose as observed for 1.5-400 uM myo-inositol

(Fig.8). The co-administration of sorbinil 0.1 mM with

Glucose partially prevented the inhibitory effect of glucose

on myo-[3 H]inositol uptake.

6. Intracellular Sorbitol Measurement

To verify that polyolI accumulation attenuates myo-

inositol uptake in culttured BLECs, it was necessary to

demonstrate that the simultaneous administration of sorbinil

with Glucose for 20 hours prevented the formation of

sorbitol in the lens cells. A typical chromatogram of mixed

polyol standards by anion exchange chromatography utilizing

the Dionex BioLC chromatographic system is shown in Fig. 9A

(trace B). The order of elution of the polyols and

retention time of each component in minutes was as follows;

myo-inositol (3.75), xylitol (4.45), galactitol (5.77),

sorbitol (6.02) and mannitol (7.10). Aldose sugars were

significantly retained relative to their sugar alcohol

counterparts using thh. t solution scheme (refer to Materials

and Methods); galactose and glucose eluted at 36.4 and 40.2

minutes, respectively (not illustrated). Under the

conditions of the elution scheme, mannose and xylose co-

elute at 44.3 minutes (data not shown). A total of 55
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Fig. 8. Effect of chronic glucose exposure and sorbinil on

myo-inositol uptake. ,8#1(1. were preincubated in 40 mM

glucose (Glu), 40 mM gc Iuaose plus 0.1 mM sorbinil (Glu/Sor)

or control (5.5 mM ( iu(cime ) for 20 h. Subsequent to the

chronic glucose exposure, BLECs were divided into three

groups, medium A (5.5 mM glucose and 34.5 mM fructose) or

medium A containing 40 mM glucose or medium A containing 40

mM glucose and 0.1 mM N(1rIbinil for a 3 h myo-inositol uptake

period over a concentration range of 1.5 - 400 uM. Data

represent triplicate flasks, and replicate samples of

individual flasks were taken for determination. Data points

are means SE (n=3).
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Fig. 9A. Chromatograms of (A) lens cell lysate from BLECs

exposed to 40 mM glucose for 20 h and (B) 40 nmol each of

myo-inositol, xylitol, galactitol, sorbitol and mannitol.
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minutes was required for the entire operation (not including

column regeneration and equilibration time). Figure 9A

(trace A) also shows an overlay of a typical chromatogram

taken from a lens cell culture incubated in 40 mM glucose

for 20 h. The accumulation of intracellular sorbitol is

evident. Figure 9B is an overlay of several elution profiles

taken from cells exposed to 40 mM glucose, or Glucose plus

the aldose reductase inhibitors, sorbinil or zopolrestat.

The synthesis and accumulation of intracellular sorbitol

normally associated with lens cells continuously exposed to

high ambient glucose for 20 hour was completely inhibited

with either aldose reductase inhibitor.

7. Myo-Inositol Transport:i One-Site vs. Two-site Transport

System

Shown in Fig. 10A are the Eadie-Hofstee plots of myo-

[3H]-inositol uptake by bovine lens epithelial cells (BLECs)

based upon the velocity curves of fig. 8. Myo-inositol

uptake apparently proceeds via two transport sites. The

high-affinity, low-capacity transport system predominates at

1.5-25 uM myo-inositol, whereas the low-affinity, high-

capacity myo-inositol transport system is prominent above 50

uM myo-inositol. Further non-linear regression analysis

using mass action equat ions derived for one and two

independent sites and a program to determine "goodness" of
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Fig. 9B. Chromatograms of lens cell lysate from BLECs

exposed to 40 mM glucose or 40 mM glucose plus 0.1 mM

sorbinil or 0.1 mM zopolrestat for 20 h.
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Fig. 10A. Eadie-Hofstee plot of myo-inositol uptake. Bovine

lens epithelial cells were preincubated in physiological

medium containing 40 mM glucose (Glu) or control (5.5 mM

glucose, MEM) for 20 h. BLECs were switched to either medium

A containing 5.5 mM glucose and 34.5 mM fructose or medium A

containing 40 mM glucose for a 3 h myo-inositol uptake

period over a myo-inos.itol dose range of 1.5-400 uM.

Triplicate flasks were collected and replicated samples were

taken from each flask. Data points are represent means SE

(n=6). The unit of velocity is pmol/mg protein/hr and S is

uM. Two myo-inositol transport sites were apparent over the

concentration ranges of 1.5-25 uM and 50-400 uM..
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fit by iteration were employed. As shown in Fig. 10B, the

predicted two site curve appears to fit the raw data better

than the predicted one site curve does. Kinetic constants

for the high and low-affinity transport systems were: Km of

27 4 (n=4) and 157 22 (n=4) uM and Vmax of 652 35 (n=4) and

2952 308 (n=4) pmol/mg protein/hr, respectively (Table 3).

Chronic exposure (20 continuous hours) of BLECs to 40

mM glucose (Glucose) resulted in an increase in the Km for

both the high and low-affinity myo-inositol transport sites

without significant change of Vmax, indicating competitive

inhibition (Table 3). The concentration dependence of high

and low-affinity myo-[3 HILnositol uptake was graphically

distinguished as two separate components by Lineweaver-Burk

plots presented in the concentration range of 1.5-25 uM and

50-400 uM myo-inositol, respectively (Fig. 11). A trend

towards normalization of the Km of the low-affinity myo-

inositol transport site was apparent when sorbinil was

concomitantly administer ed with the Glucose medium. The Km

of the high-affinity myo-inositol transport site remained

significantly elevated in the presence of sorbinil and

Glucose, indicating a glucose-sensitive process of myo-

inositol uptake in the high-affinity transport system.

Therefore, while the concomitant addition of an aldose

reductase inhibitor with Glucose largely prevented the

inhibitory effect of glucose on the low-affinity transport

site, a glucose-sensitive process for myo-inositol uptake on
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Fig. 10B. Eadie-Hofstee plot of myo-inositol uptake. Bovine

lens epithelial cells were preincubated in physiological

medium containing 40 mM glucose (Glu) or control (5.5 mM

glucose, MEM) for 20 h. BLECs were switched to either medium

A containing 5.5 mM glucose and 34.5 mM fructose or medium A

containing 40 mM glucose for a 3 h myo-inositol uptake

period over a myo-inositol dose range of 1.5-400 uM.

Triplicate flasks were collected and replicated samples were

taken from each flask. Data points are represent means SE

(n=6). The unit of velocity is pmol/mg protein/hr and S is

uM. --- predicted one site fit by linear regression

analysis and mass action equations derived for one site;

-- predicted two sites fit by non-linear regression

analysis and mass action equations derived for two

independent sites; 0 represent the raw data.
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Fig. 11. Effect of chronic glucose exposure and sorbinil on

myo-inositol uptake plotted by the Lineweaver-Burk

transformation equation. BLECs were preincubated in 40 mM

glucose (Glu), 40 mM g]ucose plus 0.1 mM sorbinil (Glu/Sor)

or control (5.5 mM glucose, MEM) for 20 h. Following

chronic glucose exposure, BLECs were divided into three

groups, medium A (5.5 mM glucose and 34.5 mM fructose) or

medium A containing 40 mM glucose or medium A containing 40

mM glucose and 0.1 mM sorbinil for a 3 h myo-inositol uptake

period over a concentration range of 1.5-400 uM. Triplicate

flasks were collected and replicated samples were taken from

each flask. Each data point represents the mean. The

relationship between gJucose and the high-affinity myo-

inositol transport sitti and sorbitol and the low-affinity

myo-inositol transport site was apparent over the myo-

inositol concentration ranges of 1.5-25 uM and 50-400 uM,

respectively, when plotted in double reciprocal fashion.
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the high-affinity transport site was uncovered by

Lineweaver-Burk transformation of the Michaelis-Menten

equation (Fig. 11).

8. Acute Effects of Glucose and Aldose Reductase Inhibition

on the High-Affinity Myo-inositol Carrier

The experiment described above was indicative of

glucose acting as a competitive inhibitor of myo-inositol

uptake via the high-afIfInIty transport site, while sorbitol

appeared to primarily inhibit myo-inositol uptake via the

low-affinity transport site. In order to confirm these

results and more conclusively establish the nature of the

association between high ambient glucose and myo-inositol

transport, lens cells were briefly exposed to Glucose

containing the inhibitor of sorbitol biosynthesis, sorbinil.

Thus, the acute (3 h exposure) effects of glucose on myo-

inositol transport could be examined in the absence of

accumulated sorbitol. With this approach, it was possible to

uncover any relationship which existed between glucose and

the active transport of' myo-inositol. Figure 12A is a Dixon

plot resulting from the acute incubation of BLECs with D-

glucose and sorbinil which shows that D-glucose had an

inhibitory effect on myo-inositol uptake. The myo-inositol

concentrations used for the experiment were 1.57, 3.73 and

6.25 uM, selected because they represent the range of
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concentrations of the high-affinity transport site. The

concentrations of glucoie used to examine the inhibition of

myo-inositol accumulation were 5.5, 11, 22 and 44 mM. These

concentrations covered the typical range of our experimental

conditions. In Fig. 12A, the intersections of the Dixon

plots for all values of substrate above the inhibitor axis

indicated that glucose is a competitive inhibitor of myo-

inositol uptake. The Ki of D-glucose on myo-inositol

accumulation ranged from 29 to 35 mM (n=6). The resultant

apparent Ki of glucose of 35 mM implies that the high-

affinity myo-inositol carrier has an affinity for myo-

inositol at least 1000 times stronger than for glucose. The

data shown in Fig. 12B was generated as in Fig. 12A, with

the exception that the myn-inositol concentrations used for

the experiment were 50, 100 and 200 uM, which represented

the range of concentrations of the low-affinity transport

site as defined under these experimental conditions. The

failure of the Dixon plots to intersect for all values of

substrate provided the evidence that D-glucose does not

interact with the low-af f inity myo-[3H]inositol transport

system.

9. Acute Effects of Sorbitol on Myo-inositol Uptake

To determine the aotte effect of exogenous sorbitol on

myo-inositol uptake, BLIECs maintained in physiological
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Fig. 12A. Dixon plot of acute D-glucose and sorbinil

exposure on high-affinity myo-inositol transporter. Bovine

lens epithelial cells were incubated in medium containing

1.57, 3.23 and 6.25 uM niyo-inositol and a trace amount of

myo-[3 H]inositol. The incubation mixtures also contained

5.5, 11, 22, or 44 mM D-glucose and 0.1 mM sorbinil. Myo-

inositol uptake was determined after a 3 h uptake period.

Data points are means SE (n=3) taken from of triplicate

flasks and replicate samples from each individual flask.
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Fig. 12B. Dixon plot of acute D-glucose and sorbinil

exposure on low-affinity myo-inositol transporter. Bovine

lens epithelial cells were incubated in medium containing

50, 100 and 200 uM myo-inositol and a trace amount of myo-

[3H]inositol. The incubetion mixtures also contained 5.5,

11, 22, or 44 mM D-glucose and 0.1 mM sorbinil. Myo-

inositol uptake was determined after a 3 h uptake period.

Data points are means I BE (n=3) taken from of triplicate

flasks and replicate samples from each individual flask.
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medium were switched to serum-free medium A containing 10 mM

sorbitol and a trace amount of myo-E3 H]inositol over a myo-

inositol concentration range of 1.5-800 uM for a 3 h

incubation period (Fig. 13). Control cells were maintained

in serum-free medium A containing 10 mM fructose. The uptake

of myo-inositol with the sorbitol-containing medium was

indistinguishable from the control in the range of 1.5-100

uM myo-inositol as determined by pmol/mg protein/hour of

accumulated myo-inositol. However, myo-inositol uptake was

markedly depressed by the sorbitol treatment in the myo-

inositol concentration range of 200-800 uM.

The experiment as described above was indicative of

exogenous sorbitol having had little to no effect on myo-

inositol uptake via the high-affinity transport system, but

causing significant attenuation of myo-inositol uptake via

the low-affinity myo-inositol transport system. To confirm

and expand upon these results, the relationship between high

ambient sorbitol and tho active transport of myo-inositol

was examined by Dixon plot analysis. Figure 14A is a Dixon

plot of myo-[3 H]inositol uptake resulting from the acute (3

h) incubation of bovine lens epithelial cells to high

ambient sorbitol. The concentrations of sorbitol were 10,

20, 30 and 40 mM and the myo-inositol concentrations used

for the experiment were 1.57, 3.23 and 6.25 uM. When the

concentration dependence of myo-[3 H]inositol uptake was

presented in this way, it was apparent that exogenous
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Fig. 13. Effect of acute exogenous sorbitol exposure on

myo-inositol uptake. Bovine lens epithelial cells

maintained in physiological medium (5.5 mM glucose) were

divided into two groups, medium A containing 5.5 mM glucose

and 44.5 mM fructose (control) or medium A containing 5.5 mM

glucose, 34.5 mM fructose and 10 mM sorbitol, plus a trace

amount of myo-[3H]inositol (1 uCi/ml), for a 3 hours myo-

inositol uptake period over a myo-inositol concentration

range of 1.5 - 800 uM. Data represent triplicate

determinations from individual flasks. Data points are means

+ SE(n=3) taken from triplicate flasks and replicate samples

from each individual flask.



72

Effect of Exogenous Sorbitol on Myo-inositol Uptake

3500

0*Fructose

3000 ) Sorbitol

2500

.g 2000 -

1500

1000

500

0 - 20
0 200 400 600 800 1000

Myo-inositol (uM)

E
E

E

V

/



73

sorbitol had no effect on high-affinity myo-inositol

transport. Figure 14B is a Dixon plot of the acute

inhibitory effect of sorbitol on low-affinity myo-inositol

transport. The myo-inositol concentrations used for this

study were 100, 200 and 400 uM. Plotted in this form, this

study further indicated that exogenous sorbitol is a

competitive inhibitor of low-affinity myo-inositol transport

by cultured BLECs. The Ki of exogenous sorbitol on myo-

inositol uptake was approximately 19 mM (n=6).
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Fig. 14A. Dixon plot of acute sorbitol exposure on myo-

inositol high affinity transporter: Bovine lens epithelial

cells were incubated in medium A containing 1.57, 3.23 and

6.25 uM myo-inositol and a trace amount of myo-[3H]inositol.

The incubation medium also contained 10, 20, 30, or 40 mM

sorbitol. Myo-inositol uptake was determined after a 3 h

uptake period. Data points represent mean SE (n=3) taken

from triplicate flasks and replicate samples from each

individual flask.
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Fig. 14B. Dixon plot of acute sorbitol exposure on myo-

inositol low affinity transporter: Bovine lens epithelial

cells were incubated in medium A containing 100, 200 and 400

uM myo-inositol and a trace amount of myo-[
3H~inositol. The

incubation medium albo contained 10, 20, 30, or 40 mM

sorbitol. Myo-inositOl uptake was determined after a 3 h

uptake period. Data points represent mean SE (n=3) taken

from triplicate flasks and replicate samples from each

individual flask.
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CHAPTER IV

DISCUSSION

Decreased free myo-inositol in tissues is a common

identifiable metabolic change associated with diabetic

complications caused by hyperglycemia (64, 82, 83, 84).

However, the association between diabetes mellitus 
and

reduced free myo-inositol in tissues has not been observed

consistently. In cerebral microvessels, the myo-inositol

content of endothelial io.1lls did not decrease with

hyperglycemia, whereas mlorovascular pericytes 
exposed to

high ambient glucose did show a loss of intracellular 
myo-

inositol (85). High ambient glucose also caused a reduction

in the myo--inositol content of cultured rat glomerular

mesangial cells (86) and cultured neuroblastoma cells (87).

In the streptozocin-induced diabetic rat, uncontrolled

diabetes was accompanied by significant decreases in the

levels of myo-inositol in the intact lens (88). High

ambient galactose attenuates the myo-inositol concentrating

capability of cultured bovine lens epithelial 
cells (BLECs)

(18, 78). In the lattEr study, it was concluded that this

effect was a consequenc.1o of the aldose reductase reaction,

since sorbinil, an aldose reductase inhibitor, prevented

78
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the detrimental effects of galactose exposure on myo-

inositol uptake (78). The direct impairment of the myo-

inositol transport system resulting from lens cell 
exposure

to high ambient galactose represents a plausible mechanism

which could account for t:he loss of intracellular myo-

inositol associated with hyperglycemia. In the present

study, the acute and chronic effects of increased 
glucose

concentration on myo-inositol uptake in BLECs was examined

and the relationship between high ambient glucose, the

polyol pathway and aldose reductase inhibition on myo-

inositol transport in culture BLECs characterized.

Myo-inositol uptake in cultured BLECs was significantly

diminished after 20 hours of exposure to either 40 mM

glucose (Glu) or 40 mM galactose (Gal) (Fig. 1). The

capability of the Glu- or Gal-exposed cells to accumulate

myo-[3 H]inositol remn ind significantly below that of the

control throughout the 1I hour uptake period (Fig. 1). The

decrease in myo-inositol transport could not be attributed

to the osmotic effect of Glu or Gal, since control

(physiological medium) cells exposed to MEM containing

enough fructose to equal the osmolarity of Glu- or Gal-

treated cells, displayed a rate of myo-[3 H]inositol uptake

that was virtually indistinguishable from the curve

generated by the control cells not supplemented with

fructose (Fig. 1, Table. 1). We cannot, at present, rule

out the possibility that intracellular osmotic changes,
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attributable to polyol accumulation, play a role in the

observed reduction in myo-inositol uptake. Alternatively,

the decrease in myo-inositol uptake resulting from the

incubation of BLECs in Glu or Gal might be attributed to an

enhanced cellular efflux of myo-inositol, as has previously

been observed in the whole lens following cataractogenesis

(89). However, the rate of efflux of myo-[3 H]inositol was

essentially identical for cultured lens cells exposed to Glu

or Gal as with control oolls (Fig. 2). Likewise, the rate

of efflux of myo-[3 H]inomitol was unaffected by adjustment

of the control cell medium osmolality with fructose (Fig.

2). Similar observations with cultured rat glomerular

mesangial cells incubated in high glucose concentrations

have been reported (86). Therefore, the early onset loss of

capability by the Glu- and Gal-exposed cells to concentrate

myo-inositol does not appear to be caused by a disruption of

structural membrane integrity, which otherwise would likely

have led to increased membrane permeability and the rapid

efflux of myo-inositol as described in other studies with

whole lenses (90). Rat-htr, the attenuation of myo-inositol

uptake in cultured BLECs by incubation in high ambient

glucose or galactose in all likelihood reflects a direct

impact on the myo-inositol transporter(s). As previously

shown (78), removal of high ambient galactose from the

incubation medium normalized myo-inositol uptake suggesting

that the impairment of the myo-inositol transporter(s) is
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reversible (78).

Myo-inositol transport can be characterized as either

facilitated diffusion or active transport. The myo-inositol

concentration of aqueous humor has been reported at 0.22 mM

(59) and in the human lens as greater than 20 mM (91).

These observations suggest that myo-inositol must accumulate

in the lens by an active process. The present findings with

N-methyl-D-glucamine substitution for sodium (Fig. 4) and

our previous observations with ouabain (78), suggest that

myo-inositol transport in BLECs is an energy-dependent

process driven by the active transport of sodium. Myo-

inositol uptake was sodlum-dependent over a myo-inositol

concentration range of 1.5 to 100 AM. Sodium-dependent myo-

inositol transport accounted for more than 95% of the total

myo-inositol uptake as determined by the replacement of

sodium on an equal molar basis with N-methyl-D-glucamine

(Fig. 4). In the intact lens, sodium-dependent myo-inositol

uptake has likewise been observed (92). In retinal

pericytes, a myo-inositol co-transport process has been

described which involves a ternary complex between the co-

transporter, myo-inositol and sodium (64). The energy

required for the myo-inositol transporter is derived from

the sodium gradient and the energy transduction of active

sodium transport (93). [t was suggested that the binding of

sodium to the transporter increased transporter's mobility

but not its affinity for myo-inositol. Therefore, change in
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sodium concentration could act to regulate the myo-inositol

carrier protein(s).

In order to determine if glucose-induced inhibition of

myo-inositol concentrating capability was stereospecific, we

examined the effects of D- and L-glucose on myo-inositol

uptake in cultured BLECS. Both D- and L-Glucose

competitively inhibited sodium-dependent myo-inositol uptake

as demonstrated by Lineweaver-Burk plots (Fig. 5). Similar

results have been reported for cultured mesangial cells

(86), the intact cells of isolated glomeruli (94) and

peripheral nerve tissue preparation (44). L-glucose was

reported to be more effective than D-glucose in inhibiting

myo-inositol uptake in mouse cerebral microvessel

endothelial cells (52) and in microvessel endothelial cells

isolated from the bovine retina (95).

Although myo-inoslltol is a structural isomer of

glucose, it appears that rnyo-inositol has distinct transport

properties from that of glucose in a number of different

tissues. In preparations of small intestine (42), and renal

brush border vesicles (45), myo-inositol and glucose are

both actively transported, whereas in liver parenchymal

cells (96), exocrine pancreatic acini (97) and brain

synaptosomes (98), transport of myo-inositol and glucose

occurs by a non-active process. In the lens and endoneurial

preparations, uptake of myo-inositol and glucose appear to

occur through different processes, as myo-inositol uptake is
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active in both lens (92, 99) and endoneurial preparation

(43, 44) but glucose uptake, as in pancreatic islets (100),

is likely to be of the facilitated diffusion type in both

lens (101) and endoneurial preparation (102). Glucose

uptake in BLECs, as measured by 2-deoxy- [
3H]glucose

accumulation occurred by both sodium-dependent and sodium-

independent processes (Fig. 6). Unlike myo-inositol uptake

(Figs. 3,4), sodium- indEpendent 2-deoxy- [ 3H]glucose uptake

represented a substant]ti I part of the total uptake (Fig. 6).

This suggested that the myo-inositol transport system was

distinct from that of glucose transport system. This

distinction was further supported by the observation that 2-

deoxy-[ 3 HJ]glucose uptake appeared to be unaffected by the

myo-inositol concentration in physiological medium (Fig. 7).

Furthermore, D-glucose, but not L-glucose, inhibited 2-

deoxy-[ 3 H]glucose uptake, whereas both D-glucose and L-

glucose competitively inhibited myo-[ 3H]inositol uptake

(Fig. 5). These results are similar to that observed in

mouse cerebral microventel. endothelial cells (52).

Collectively, these obsi;vations suggest that the myo-

inositol transport system and the glucose transport system

are distinct and independent in bovine lens epithelial

cells.

The present study indicated that D- and L-glucose act

as competitive inhibitors of myo-inositol transport in BLECs

(Fig. 5). This result is consistent with other results
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found in studies of mouse cerebral microvessel endothelial

cells (52), renal brush border vesicles (103) and cultured

porcine aortic endothelial cells (21). Other studies have

reported that glucose acts as a non-competitive inhibitor of

myo-inositol transport in retinal pericytes (16),

neuroblastoma cells (49, 58), and intestinal brush-border

cells (50). This apparent inconsistency may be due to

tissue-specific myo-inositol transporter(s).

Previous studies reported that the galactose-induced

attenuation in myo-inositol uptake was preventable by the

concomitant administration of the aldose reductase

inhibitor, sorbinil, to the incubation medium (78). This

observation led to the suggestion that the aldose reductase

reaction or formation of the product of the aldose reductase

reaction was also responsible for the impairment of myo-

inositol accumulation. In the current study, the co-

administration of sorbinil (0.1 mM) with glucose, partially

prevented the inhibitory effect of chronic glucose on myo-

inositol uptake (Fig. 8). Intracellular sorbitol

measurements by anion exchange chromatography utilizing the

Dionex BioLC chromatographic system, further verified the

effect of polyol accumulation on myo-inositol uptake in

cultured BLECs. A sign -01cant sorbitol accumulation was

demonstrated following 20 hours of incubation with 40 mM

glucose (Glu) as demonstrated by ion exchange chromatography

and integrated amperometry (Fig. 9B). The accumulation of
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polyol coincided with the attenuation of myo-inositol uptake

observed with Glu-treated BLECs. Cells exposed to Glu plus

the aldose reductase (AR) inhibitor, sorbinil or

zopolrestat, showed that the accumulation of sorbitol was

conspicuously absent from the chromatograms (Fig. 9B),

suggesting that the synthesis of sorbitol was dramatically

inhibited in these cells at the concentration of AR

inhibitors used. Futhermore the attenuation of myo-inositol

uptake in the presence of glucose was partly prevented by

co-administration with sorbinil (Fig 8). This data plotted

by the Lineweaver-Burk transformation equation indicated

that a significant component of myo-inositol uptake in the

range of 1.5-25 uM myo-inositol remained sorbinil-

insensitive (Fig 11); but myo-inositol uptake in the range

of 50-400 uM myo-inosit:ol was nearly normalized (Fig. 11).

This observation led to the suggestion that more than one

myo-inositol transporter might be functioning in cultured

BLECs, or a single myo-inositol transporter might display

two affinity states, each exhibiting different physical

characteristics, influenced by the myo-inositol

concentration. High and low affinity myo-inositol transport

sites have also been described for mouse cerebral

microvessel endothelial cells (52), mouse neuroblastoma,

human Y79 retinoblastoma, human HL60 cells, and bovine

pulmonary artery endothelial cells (47), and human retinal

pigmented epithelial cel ls (103). We further employed
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Eadie-Hofstee plot analysis to determine whether the data

was best represented by a one or two site transport

mechanism. Results show that myo-inositol uptake by

cultured BLECs proceeded via two transport sites (Fig. 10A).

Non-linear regression analysis and mass action equations

derived for one and two independent sites and a program to

determine "goodness" of fit by iteration were further

employed. As shown in 1iq. 10B, the data was best

represented by two transport sites, thus confirming the

linear regression Eadie-Uofstee plots. At this time, the

data does not permit us to distinguish whether two

physically independent myo-inositol carrier proteins exist,

or, alternatively, whether there are two affinity states of

the same myo-inositol transport protein. Kinetic analysis

of the high-affinity transport site revealed a Km of 27 AM

compared to a Km of 157 AM for the low-affinity site (Table

3). This is similar to that described for myo-inositol

uptake in mouse cerebral microvessel endothelial cells (52),

where the high- and low-affinity myo-inositol transport

system had a Km of 11 MM and 198 AM, respectively, and for

myo-inositol uptake in human retinal pigmented epithelium

(104), as well as several other cultured mammalian cells

(47).

Chronic exposure (20 continuous hours) of cultured

BLECs to 40 mM glucose produced an attenuation of myo-

inositol uptake by both the high- and low-affinity transport
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sites. The increase in Km following incubation in high

ambient glucose, with little change in Vmax, suggested that

the glucose-mediated inhibition was competitive (Table 3).

Lineweaver-Burk plot analysis was also indicative of

competitive inhibition (Fig.11). The aldose reductase

inhibitor, sorbinil, nearly normalized the myo-inositol

uptake of the low affinity (sorbitol-sensitive),

transporter, but had little effect on the glucose-mediated

attenuation of myo-inositol uptake of the high-affinity

transporter. This suggested that glucose was directly

impacting on the high-a lfinity transport site, while

sorbitol accumulation resultingg from product formation from

the aldose reductase reaction), was impeding myo-inositol

uptake via the low-affinity transport site. Dixon plot

analysis confirmed that glucose was a competitive inhibitor

of the high-affinity myo-inositol transport site, with an

apparent Ki of 35 mM (Fig. 12A). The latter observation

suggested that the myo-inositol transporter had a 1000 times

greater affinity for myo-inositol than D-glucose. Since

these experiments were performed in the presence of sorbinil

(thereby eliminating the possibility of sorbitol

accumulation), they were designed to examine the direct

action of glucose on myo-inositol uptake. Dixon plot

analysis further revealed that glucose did not interact with

the low-affinity myo-inositol transport site (Fig. 12B).

Competitive inhibition of myo-inositol uptake by glucose has
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been reported for cultured rat glomerular mesangial cells

(53) and mouse cerebral microvessel endothelial cells (52),

which like the lens, appeared to have glucose-sensitive and

sorbitol-sensitive components of myo-inositol transport. In

the latter study, the KX for glucose was 21 mM, similar to

that reported in this study with lens epithelial cells in

culture.

Although it was demonstrated that glucose did not

directly impede the low-affinity myo-inositol transport

system (Fig. 12B), results also shown here indicated that a

sorbitol-sensitive process was involved in the uptake of

myo-inositol by the low-affinity transporter in cultured

lens epithelial cells (Fig. 14B). This interaction was

investigated by determining the effects of exogenous

sorbitol (10 mM) on myo-Inositol uptake over a range of myo-

inositol concentrations (Fig. 13). Although the addition of

sorbitol had no effect on the high-affinity transporter, it

significantly reduced myo-inositol uptake in the myo-

inositol concentration range associated with the low-

affinity transporter. This result was consistent with the

observation that sorbinil prevented the glucose-mediated

attenuation of myo-inositol uptake via the low-affinity

transporter as demonstrated by Lineweaver-Burk plot analysis

(Fig.11) and indicated that the glucose effect on the low-

affinity transporter was associated with sorbitol

accumulation. In agreement with this finding, was the Dixon
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plot analysis of the concentration-dependent competitive

inhibition of sorbitol on myo-inositol uptake of the low-

affinity transporter (Fig. 14B). Varying the concentration

of exogenous sorbitol had no effect on the high-affinity

myo-inositol transport system (Fig. 14A). The Ki for

sorbitol inhibition of myo-inositol uptake on the low-

affinity transporter wai 19 mM. As exogenous sorbitol was

only presented to the cultured BLECs for an acute (3 hr)

duration, it was highly unlikely that sorbitol accumulated

intracellularly to a level appreciable enough to impact on

the low-affinity myo-inositol transport site from the

cytoplasmic side of the cell. Therefore, under these

experimental conditions, the effect of exogenous sorbitol on

myo-inositol uptake probably reflected the capability of

this polyol to compete for the external, plasma membrane

myo-inositol site of the low-affinity carrier protein. It is

tempting to speculate that the low-affinity myo-inositol

transporter is a generalized polyol carrier that functions

to regulate intracellulnr polyol concentrations during

periods of severe osmoregulatory stress. However, the

experiments using exogenous sorbitol probably do not reveal

the true mechanism by which intracellular sorbitol

influences myo-inositol uptake. However, such experiments

do give some indication of the relative affinity of the

high- and low-affinity transporter(s) for sorbitol.

Cultured bovine lens epithelial cells have two
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functional myo-inositol transporters that appear to be

distinct from the glucose transporter. The high-affinity

transporter predominates at low concentrations of external

myo-inositol and, using the energy of the sodium gradient

(external to internal), accumulates myo-inositol

intracellularly. Given, the operational limitations of this

model system, the high-affinity myo-inositol transporter

functions normally in the presence of physiological glucose

concentrations (5.5 mM). However, when extracellular

glucose rises, as with dilabetes or animal models of

hyperglycemia or with t~he introduction of high ambient

glucose to physiological surrogates like the BLEC culture

system, myo-inositol uptake via the high-affinity transport

site is reduced by direct competitive inhibition.

Consequently, myo-inositol uptake proceeds normally via the

low-affinity transport system only when an adequate

extracellular concentration of myo-inositol is available. A

state of hyperglycemia could thus elicit the reduction of

myo-inositol accumulation and the depletion of intracellular

myo-inositol, important for the inositol-phospholipid cycle

and cellular signal transduction mechanisms. The situation

may be further exacer bated because elevated glucose is

converted to sorbitol, which we have shown, negatively

impacts on the myo-inositol uptake capability of the low-

affinity myo-inositol transport system. The depletion of

intracellular myo-inositol content could have far reaching
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repercussions on lens cellular membrane integrity and in the

capability of the lens epithelium to maintain normal

cellular function.

In summary, myo-inositol transport in cultured bovine

lens epithelial cells occurs via a sodium-dependent,

ouabain-sensitive, saturable, active transport process that

appears to be independent of the glucose transport system.

This transport system has both high and low affinity

transport sites. High ambient glucose attenuates myo-

inositol concentrating capability via competitive inhibition

of glucose on the high affinity transport site or indirectly

via sorbitol, synthesized via the polyol pathway, on the low

affinity transport site. The data from this study strongly

supports the contention that myo-inositol transport in

bovine lens epithelial ells is maintained by at least two

processes: a glucose-sensitive, relatively sorbitol

insensitive, sodium dependent high-affinity myo-inositol

transport system; and a sorbitol (aldose reductase)

sensitive, sodium dependent low-affinity myo-inositol

transport system.
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