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PURPOSE. To test the hypothesis that pathophysiological levels of glucose regulate aldose reductase
(AR2) gene expression, protein production, and activity in human retinal pigment epithelial (RPE)
cells in vitro.

METHODS. Primary cultures of human RPE cells were grown for up to 72 hours in media supplemented
with various concentrations of glucose (5, 20, or 75 mM), or in 5 mM glucose containing media
supplemented with one of the following: galactose, the transported but nonmetabolized glucose
analogue 3-O-methylglucose (3-OMG), or the impermeant hexitol mannitol—so that the final hexose
concentrations were equimolar to those of the various glucose concentrations used. Changes in the
transcript levels for AR2 mRNA, AR2 protein content, and AR2 enzyme activity were determined. RPE
glucose utilization and lactate production were determined in media containing 5 and 20 mM glucose.

RESULTS. Glucose utilization and lactate production increased 4.8-fold and 4.4-fold, respectively, when
RPE cells were grown in media containing 20 mM versus 5 mM glucose. Glucose was more effective
than any other hexose in the induction of AR2 mRNA or increased AR2 protein expression. When RPE
cells were grown in media containing 20 mM mannitol, 3-OMG, or galactose they had lower levels of
AR2 mRNA expression than when cells were grown in medium containing 5 mM glucose. RPE cells
grown in medium supplemented with 20 or 75 mM galactose did not show a greater increase in AR2
protein expression than cells grown in medium containing 5 mM glucose. Hyperosmotic induction of
AR2 mRNA was the same in medium containing 75 mM glucose or 75 mM mannitol, but was at least
50% lower when RPE cells were grown in 75 mM galactose or 3-OMG.

CONCLUSIONS. These data indicate that elevations in ambient glucose result in greater metabolism of
glucose through glycolysis and polyol metabolism. Induction of AR2 was greatest when RPE cells
were grown in pathophysiological concentrations of glucose. Hyperosmolar stress is not a neces-
sary determinant of AR2 mRNA, AR2 protein, or AR2 protein activity in cells that form the outer
blood–retinal barrier. Increased facilitative glucose transport or glucose metabolism appears to be
requisite for glucose-specific and nonosmotic regulation of AR2 in the RPE cell in vitro. (Invest
Ophthalmol Vis Sci. 2000;41:1554–1560)

Aldose reductase (AR2, EC1.1.1.21) has been implicated
in the development of long-term complications in dia-
betes for more than a quarter century1,2; yet, until

recently, little has been reported about AR2 regulation by

pathophysiological concentrations of glucose.3,4 Much of the
present understanding of AR2 gene regulation has been de-
rived from studies examining the highly conserved adaptive
response of renal medullary cells to hyperosmolarity.5–7 Al-
though these discoveries have contributed greatly to our un-
derstanding of osmotic regulation of AR2 in the renal medulla,
little is known about AR2 regulation in other tissues by levels
of glucose that are commonly seen in humans with diabetes.3

In most diabetic humans, it is unlikely that substantial hyper-
osmolarity is present in most tissues or is sustained long
enough to account for a hyperosmotically mediated increase in
AR2 expression.

Glucose transport into the retina is a central component of
the hypothesis of glucose toxicity in the pathogenesis of dia-
betic retinopathy.8 Glucose enters the retina through two
principal pathways: the inner blood–retinal barrier, formed by
the retinal vascular endothelium and the outer blood–retinal
barrier, formed by the retinal pigment epithelium (RPE).9 The
relative contributions of glucose transport into the retina from
the inner and the outer blood–retinal barriers have not been
precisely determined, but the majority (approximately 60%) of
blood glucose entering the retina appears to be supplied by the
outer blood–retinal barrier.9 RPE cells are easily isolated from
human eyes obtained after death, and retain well-defined phe-
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notypic characteristics for up to 30 to 40 passages in culture.10

The RPE represents a homogeneous monolayer of cells that has
a nutritive and supportive role for the neuroretina in vivo.11

Although there is mounting evidence suggesting that func-
tional and structural changes in the RPE occur in experimental
and clinical diabetes,12,13 localization of blood–retinal barrier
breakdown in diabetes has been controversial, with much of
the focus being on changes of the inner blood–retinal barrier.
Extracellular fluid within the retina, distorting the retinal archi-
tecture, has been assumed to result from changes in the archi-
tecture and function of the retinal vasculature.13 Localization
of the sites of blood–retinal barrier breakdown and leakage in
diabetes has been reported in the RPE.13–18 Changes in the RPE
outer rod-segment phagocytosis function,19 plasma membrane
transport and uptake,20,21 cell biochemistry,16,20,22 protein
synthesis,23 and the c-wave of the electroretinogram24 have
been reported. In clinical and experimental models of diabetes,
the RPE is also the site of advanced glycosylation end product
formation,25 growth factor expression,26 and accelerated apo-
ptosis.27 The RPE layer of the human eye has been shown
immunohistochemically to contain large amounts of AR that
are increased in diabetic retinopathy.15 AR inhibitors have
been reported to decrease retinal vascular endothelial growth
factor production and ultrastructural change,28 RPE vacuoliza-
tion, and degenerative foci in the galactosemic rat.29 There-
fore, the physiology of glucose metabolism in the RPE cell may
play a central role in glucose-mediated cytotoxicity and the
pathogenesis of diabetic retinopathy. Human RPE cells are an
appropriate biologic system in which to assess glucose-specific
effects on AR2 expression with possible relevance to the
pathogenesis of diabetic retinopathy.

Considering these questions, we investigated the effects
of glucose on AR2 gene expression, glucose utilization, and
lactate production in cultured human RPE cells. To test the
specificity of glucose in this system, we also performed these
experiments in the presence of galactose and 3-OMG, a hexose
that is transported but is not metabolized. Mannitol was used as
an osmotic control.3,4,30

METHODS

Cell Culture

Human RPE cells were isolated as previously described from
eyes obtained from the Michigan Eye Bank10,30 which were
collected after death from a 45-year-old female donor, after the
Declaration of Helsinki and approval of the institutional review
board on research involving human subjects had been ob-
tained. In brief, RPE cells were recovered with fire-polished
Pasteur pipettes under direct observation with a dissecting
microscope from surgically removed, sagittally bisected eyes
within 24 hours after death and cultured in Ham’s F-12 (Gibco,
Grand Island, NY) nutrient medium containing 16% fetal bo-
vine serum (Hyclone, Logan, UT), 2 mM glutamine, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 26 mM sodium bicar-
bonate in a 37°C, humidified 95% air and 5% CO2 atmosphere.
Colony-forming primary cultures were rinsed with Hanks’ bal-
anced salt solution, dispersed by incubation with 0.5 mg/ml
trypsin and 0.53 mM EDTA in 0.9% saline at 37°C for 10
minutes, centrifuged for 5 minutes at 50g, resuspended in new
culture medium, and replated. Confluent cultures contained a
monolayer of clear polygonal cells with densely pigmented
stationary cells scattered throughout. All cells appeared epithe-

lioid, with apical-basal polarity, junctional complexes, and cy-
toplasmic organization characteristic of RPE cells in vivo. The
established primary human RPE cell lines were passaged at a
density of 20,000 cells/cm2 in 10-cm dishes in RPMI-1640
medium (Gibco) with 2 mM L-glutamine containing 10% calf
serum and 5 mM glucose at 37°C in humidified 95% air and 5%
CO2. Continuous cultures of RPE cells were easily maintained
by this method. Plated cells (20,000–40,000 cells/cm2) were
seeded to yield near-confluent cultures at the end of each
experiment. Ten-centimeter plates were used for quantitation
of AR2 mRNA, AR2 protein, AR2 activity, glucose utilization,
and lactate production. Freshly plated cells were allowed to
attach in standard growth medium for 24 hours and were then
incubated for various times (24 hours for RNA isolation and 72
hours for AR2 activity, AR2 protein content, glucose utilization,
and lactate production determinations) in RPMI-1640 medium
containing 10% calf serum and 5 mM glucose supplemented
with galactose, 3-OMG, or mannitol for total hexose concen-
trations of 20 and 75 mM. Tissue culture medium was routinely
changed every day. Glucose, galactose, mannitol, 3-OMG (tis-
sue culture grade) and all other commonly used chemicals and
reagents were the highest quality available and were obtained
from Sigma (St. Louis, MO). Experiments were performed on
passages 5 through 25 from the RPE cell isolate.

Northern Blot Analysis of mRNA and
cDNA Probes

RPE cells were grown in RPMI-1640 medium with 10% calf
serum supplemented with glucose (5, 20, or 75 mM) or in
RPMI-1640 medium with 10% calf serum and 5 mM glucose
supplemented with galactose, 3-OMG, or mannitol for total
hexose concentrations of 20 and 75 mM for 24 hours. Total
RNA was isolated using a modification of the acid phenol
single-step extraction method.31 This procedure yields approx-
imately 100 mg of total RNA from confluent monolayers of RPE
cells grown in 10-cm plates. Total RNA (10 mg) was resolved on
denaturing 2.2-M formaldehyde-1% agarose gels and transferred
to nylon filters (ZetaBind; Cuno, Meriden, CT) by capillary
blotting. The filters were stained with methylene blue to ex-
amine the integrity of the RNA and to assess the uniformity of
loading and transfer. The filters were fixed by UV cross-linking
and hybridized at high stringency according the protocol of
Church and Gilbert.32 Probes were labeled with 32P-dCTP
(a-32P dCTP; DuPont NEN, Boston, MA) using random primers
to a specific activity of 109 disintegrations per minute per
milligram and separated from unincorporated nucleotides by
gel filtration. After 18 hours, hybridized filters were washed at
high stringency. Phosphorimages and quantitation were ob-
tained using a phosphorimager (Molecular Dynamics, Sunny-
vale, CA), or autoradiograms were obtained with multiple ex-
posures to remain within the linear range of the film and were
quantitated by scanning densitometry using a high-resolution
optical scanner (AGFA, Orangeburg, NY) and software (NIH
Image, ver. 1.60; National Institutes of Health, Bethesda, MD).
Each blot was serially hybridized with human RPE AR2 cDNA30

followed by chicken b-actin cDNA33 probes. Filters were
stripped until free of radioactivity and were checked by rapid
phosphorimaging before rehybridization with b-actin cDNA,
and the abundance of transcripts was normalized to b-actin
mRNA levels.
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Immunoblotting of AR2

RPE cells were grown in 10-cm plates in experimental media
for 72 hours. Each plate was rinsed twice with 5 ml cold PBS,
and cells were harvested and homogenized in a ground-glass
homogenizer in 1.5 ml of the same. Each homogenate (0.5 ml)
was combined with 1.4 ml of sodium dodecyl sulfate (SDS)–
containing sample buffer and heated at 95°C for 10 minutes.
After cooling, 0.1 ml of 20% b-mercaptoethanol was added to
each sample. Samples corresponding to 10 mg of cell protein
were electrophoresed on 4% to 15% polyacrylamide minigels
(Bio-Rad, Hercules, CA) along with prestained molecular
weight standards. The separated proteins were electrophoreti-
cally transferred to nitrocellulose sheets as described previ-
ously.3 Nitrocellulose sheets were blocked for 60 minutes at
23°C in PBS containing 10% powdered milk and 0.05%
Tween-20 and then incubated for 120 minutes at 23°C in a
blocking buffer containing a 1:400 dilution of a goat polyclonal
antibody against human placental AR2 (kindly provided by
Peter Kador, National Eye Institute34). After they were rinsed
with PBS, the nitrocellulose sheets were incubated for 90
minutes in blocking buffer containing a 1:400 dilution of rabbit
anti-goat IgG-peroxidase conjugate (Sigma) and then devel-
oped with diaminobenzidine. Abundance of AR2 protein was
determined by scanning densitometry using the high-resolu-
tion optical scanner (AGFA) and software (NIH Image, ver.
1.60).

Measurement of AR2 Activity

AR2 activity was assessed spectrophotometrically35 at 30°C by
monitoring the decrease in absorbance of reduced nicotin-
amide adenine dinucleotide phosphate (NADPH) at 340 nm for
10 minutes in the absence and presence of 10-mM glyceralde-
hyde as substrate. Enzyme activity was normalized to superna-
tant protein content and expressed as nanomoles of NADPH
oxidized per milligram of protein per minute. Supernatant
protein content was measured using the bicinchroninic acid
(BCA) protein assay reagent (Pierce, Rockford, IL).

Measurement of RPE Cell Lactate Production

RPE cells were grown for 72 hours in experimental media.
Cells were rapidly washed twice in ice-cold PBS, deproteinized
using 1 ml 6% perchloric acid, harvested with a rubber police-
man into a 1-ml tube (Eppendorf, Fremont, CA), and vortexed.
The cells were spun at 14,000 rpm in a tabletop centrifuge at
4°C for 5 minutes, and the supernatant was removed on ice for
immediate lactate determinations. The pelleted protein was
dissolved in 1 ml of 0.1 N NaOH, and its concentration was
measured. A standard clinical lactate assay kit (Lactate Color-
metric Assay; Sigma) was used to measure lactate concentra-
tions. Standard curves and triplicate standards and samples
were run for each experiment.

Measurement of Glucose Utilization

Glucose utilization was determined from the formation of
3H2O from [5-3H]glucose as described by Ashcroft and
Stubbs.36 Cells were seeded at 20,000 cells/cm2 in 10-cm plates
and grown for 72 hours in standard growth medium containing
5 mM glucose and in growth medium supplemented to 20 mM
glucose. The medium was then replaced with 5 ml fresh
medium containing these various concentrations of glucose
and supplemented with 1 mCi [5-3H]glucose. Cells were then
incubated at 37°C in a humidified incubator with 95% air and

5% CO2. After 30 minutes, 100-ml aliquots of the sample media
were collected from each well and centrifuged at 4oC for 5
minutes at 500g to sediment any free-floating cells and debris.
Aliquots of the supernatant were acidified by addition of 20 ml
of 1 N HCl and placed in opened tubes (Eppendorf) in stop-
pered scintillation vials containing 0.5 ml of H2O. After equil-
ibration overnight at 37°C, the 3H2O was measured by liquid
scintillation counting. 3H2O production was normalized to cell
protein content from each tissue culture well.

Statistical Analysis

Results are expressed as means 6 SE of at least three experi-
ments for mRNA, protein and activity determinations and six
experiments for the measurements of lactate concentrations.
Statistical significance of differences between experimental
groups was determined using the nonparametric x2 test. P ,
0.05 was considered statistically significant.

RESULTS

Effect of Hexose Sugars on AR2 mRNA
Expression in Human RPE Cells

To determine the effects of hexose transport, metabolism, and
osmotic stress on AR2 mRNA expression, RPE cells were
grown in media supplemented with normal (5 mM), elevated
(20 mM), or hyperosmolar (75 mM) levels of glucose or with
standard growth medium supplemented with equimolar con-
centrations of various hexoses (3-OMG, galactose, or mannitol)
for 24 hours before RNA isolation. 3-OMG and galactose are
transported in a manner similar to glucose (facilitative glucose
transport) but are not metabolized the same as glucose or
phosphorylated by hexokinase. Galactose is metabolized by AR
in an NADPH-dependent reduction to its corresponding sugar
alcohol galactitol. Mannitol is considered an impermeant hex-
ose compared with glucose. Mannitol has been used previously
as an impermeant hexose in the study of osmotic regulation of
AR2.3,4,30

3-OMG, mannitol, and galactose did not increase AR2
mRNA to levels greater than 5 mM or 20 mM glucose (Fig. 1).
Moreover, AR2 mRNA expression was lowered when cells
were grown in 20 or 75 mM galactose or 3-OMG versus
equimolar concentrations of glucose. Only 75 mM mannitol–
containing medium increased AR2 mRNA abundance to those
levels achieved by 20 or 75 mM glucose. These findings are
similar to those reported for rat AR2-luciferase reporter con-
structs used to transiently transfect rat aortic smooth muscle
A7r5 cells grown in media supplemented with 150 mM con-
centrations of glucose, mannitol, 3-OMG, and galactose.4

Both pathophysiological (20 mM) and hyperosmolar (75
mM) concentrations of glucose increased AR2 mRNA expres-
sion approximately 60% higher than in medium containing 5
mM (Fig. 1), a finding similar to the glucose-mediated changes
in AR2 mRNA in CAPAN-1 human pancreatic duct epithelial
cells previously reported by our laboratory.3 Although there
were small differences in loading of total RNA for Northern
blot analysis, we found no systematic effect of these hexoses
on b-actin mRNA levels in the RPE cells. The absence of effect
of these hexoses on b-actin mRNA levels was consistent with
our previous report in pancreatic duct epithelia3 and findings
reported recently by Aida et al.4
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Effect of Glucose on AR2 Protein Expression

To determine whether the increases in AR2 mRNA were par-
alleled by an increases in AR2 protein content, RPE cells were
cultured in media containing 5, 20, and 75 mM glucose for 72
hours and then analyzed by immunoblot (Fig. 2). After devel-
opment with diaminobenzidine, AR2 protein was identified by
size (approximately 38 kDa) using molecular weight markers
(Fig. 2A). Immunologically detectable AR2 protein levels in-
creased 50% after exposure to 20 mM glucose for 72 hours and
100% after exposure to 75 mM glucose (P , 0.05, Fig. 2B). The
increase in AR2 protein content paralleled the increases in AR2
mRNA when cells were grown in pathophysiological and nor-
mal concentrations of glucose-containing media (Fig. 1).

Substrate Specificity of Hexoses for AR2 Activity
and Protein Expression

RPE cells were grown in the various concentrations of glucose
or in medium containing high concentrations of galactose for
72 hours, and AR2 activity was determined. At 20 mM, galac-
tose increased AR2 activity (statistically nonsignificant) but not
to as great an extent as did medium containing 20 mM glucose
(Fig. 3, P , 0.05). RPE cells were grown in medium containing
5 mM glucose or in medium supplemented with equimolar
concentrations of galactose for 72 hours and then analyzed by
immunoblot for AR2 protein content (Fig. 4). Galactose-sup-

plemented medium decreased AR2 protein content more than
did 5 mM glucose-containing medium (Fig. 4B, P , 0.05). Thus,
AR2 protein content and activity paralleled the changes in AR2
mRNA content induced by elevated glucose and galactose.

Glucose Changes in RPE Cell Glucose Utilization
and Lactate Production

Induction of AR2 by pathophysiological concentrations of glu-
cose suggests that high concentrations of glucose enter the
RPE cells and increase the metabolism of glucose by polyol
metabolism. To determine whether glucose metabolism in-
creased through glycolysis, glucose utilization and lactate pro-
duction were measured in RPE cells grown in high glucose and
control media for 72 hours. The media were changed every
day. Glucose utilization (Fig. 5) and lactate production (Fig. 6)
were significantly greater (4.8-fold and 4.4-fold, P , 0.05,
respectively) in RPE cells cultured in medium containing 20
mM glucose than in that containing 5 mM glucose. Lactate
production was lower in media containing mannitol, 3-OMG,
and galactose (Fig. 6).

DISCUSSION

In the present experiments a human RPE cell line was used as
an in vitro model to study the effects of elevated hexose levels

FIGURE 1. Glucose-specific induc-
tion of AR mRNA in RPE cells. (A)
Autoradiogram of Northern blot anal-
ysis of AR mRNA expression in RPE
cells exposed to normal (5 mM),
pathophysiological (20 mM), or hy-
perosmolar (75 mM) concentrations
of glucose or equimolar concentra-
tions of mannitol, 3-OMG, or galac-
tose. (B) Quantitation of AR mRNA
expression in RPE cells. Glucose
(glu, open bars), mannitol (mann,
hatched bars), 3-OMG (stippled
bars), or galactose (gal, solid bars).
*P , 0.05 in 5 mM glucose versus 20
or 75 mM glucose. †P , 0.05 in 5
mM glucose versus 20 or 75 mM hex-
oses. Results represent means 6 SE
of three experiments.
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on the expression of AR2. An increase in the glucose concen-
tration in the medium to 20 mM, similar to plasma levels
observed in diabetic patients, increased the expression of AR2.
Other hexoses did not reproduce the effects of glucose on AR2
mRNA content, AR2 protein levels, or AR2 activity. These
findings suggest that hyperosmolar concentrations of glucose
(;75 mM) are not necessary to regulate AR2 expression in RPE
cells as they are in the renal medulla6,7 where AR2 is osmo-
regulated and sorbitol acts as a nonperturbing osmolyte. These
findings serve as an important confirmation of similar findings

by our laboratory in human pancreatic duct epithelia3 and
more recently by Aida et al.4 in rat aortic smooth muscle cells.

Increased glucose metabolism occurred when RPE cells
were grown in 20 mM versus 5 mM glucose–containing me-
dium as evidenced by the 4.8-fold increase in glucose utiliza-
tion, 4.4-fold increase in lactate production, and the 2.6-fold
greater AR2 activity. Some cultured cells (renal proximal tu-
bule cells) tend to function far more anaerobically than their

FIGURE 2. Effect of glucose on AR protein ex-
pression in RPE cells. (A) Immunoblots of AR
protein from RPE cells cultured in 5, 20, or 75
mM glucose for 72 hours. AR protein appeared
as a single band of approximately 38 kDa. (B)
Quantitation of AR protein expression from im-
munoblots. Results represent means 6 SE of
three experiments.

FIGURE 3. Effect of elevated glucose and galactose on AR enzyme
activity in RPE cells. AR enzyme activity was measured in RPE cells
exposed to 5 mM glucose or 20 mM galactose for 72 hours. *P , 0.05
in 20 mM glucose versus 5 mM glucose or 75 mM galactose. Results
represent means 6 SE of three experiments.

FIGURE 4. Effect of galactose on AR protein expression in RPE cells.
(A) Immunoblots of AR protein from RPE cells cultured in 5 mM
glucose or 20 and 75 mM galactose for 72 hours. RPE cell protein (10
mg) was run in each lane from each condition in triplicate experi-
ments. (B) Quantitation of AR protein expression from the immuno-
blot shown in Figure 3A. *P , 0.05 in 5 mM glucose versus 20 or 75
mM galactose. Results represent means 6 SE of three experiments.
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counterparts in vivo.37 Nonetheless, RPE cells in vitro pro-
duced more lactate when cultured in 20 mM than in 5 mM
glucose–containing medium. The hexitol mannitol, the trans-
ported but not metabolized glucose analogue 3-OMG, and the
transported and polyol pathway–metabolized hexose galactose
did not reproduce the effects of glucose on AR2 expression at
pathophysiologically equivalent concentrations of these sug-
ars. Furthermore, AR2 mRNA content was significantly lower
in medium containing galactose or 3-OMG than in medium
containing 5 mM glucose. Limiting glucose transport or low-
ered levels of glycolytic intermediates possibly necessary for
nonosmotic regulation of AR2 may have accounted for the
lower levels of AR2 mRNA when RPE cells were exposed to
equimolar concentrations of 3-OMG or galactose. Direct com-
petition of these various sugars for glucose transport was not
determined. However, mannitol is considered to be an imper-
meable hexitol that is often used as an osmotic control. We
determined that 14C-mannitol entered the RPE cell after 48
hours’ exposure (data not shown). Lower levels of AR2 expres-
sion with mannitol versus glucose may have been the result of
mannitol’s entering the cell, which resulted in a lower osmotic
gradient than glucose alone.

These findings suggest in part that 3-OMG and galactose
competes with glucose for the facilitative glucose transporter I
(GLUT1), the predominant glucose transporter of the blood–
retinal barrier.38 Putative pathogenetic mechanisms that may
determine glucose-specific and nonosmotic regulation of AR2
warrant further investigations using glucose response element
(GlRE24) reporter constructs or determining if GlRE are present
in the AR2 gene.

Only 75 mM mannitol was effective as a hyperosmolar
inducer of AR2 relative to glucose. Although we determined
that mannitol enters the cell over 48 hours, hyperosmolar (75
mM) concentrations of mannitol were necessary to produce
osmotic induction of AR2. These data suggest that in the RPE
cell, AR2 is regulated by glucose (or its metabolism) at nonhy-
perosmolar concentrations of glucose (20 mM) and by hyper-
tonicity at high concentrations of glucose or mannitol (75
mM). We did not measure intracellular mannitol concentra-
tions in the RPE cells, but mannitol probably enters the cell

very slowly relative to the other hexoses used and therefore
was a more effective osmotic stressor.

The mechanisms of glucose or galactose toxicity may be
relevant to diabetic retinopathy, because at least in dogs and
potentially in rats and mice, galactose causes retinopathy that
is morphologically similar to, yet not identical with, that
caused by diabetes.39 The mechanisms by which glucose and
galactose produce retinopathy are likely to be similar (glucose
and galactose toxicity, respectively) but quantitatively and
qualitatively distinct, because the galactose-induced effects
that we have observed in RPE cells are different from those
induced by glucose. The observed galactose or glucose toxicity
in the RPE does not necessary constitute prima facie evidence
for its role in the development of diabetic retinopathy. Rather,
we conclude that glucose-specific transport and/or metabolism
may have specific effects on RPE AR2 expression not recapit-
ulated by other hexoses. Furthermore, we have demonstrated
that AR2 is nonosmotically regulated by glucose in the human
RPE in vitro. Slight differences in AR2 mRNA, AR2 protein
expression, and AR2 protein activity are noted. The cause for
these differences are not known in the RPE, but may be
attributable to changes in AR2 mRNA and AR2 protein half-life
under hyperosmolar conditions, as previously reported by
Smardo et al.,7 or to differences in the activity of the AR2
protein when different hexoses serve as substrates.

Further evidence is accumulating that glucose or glucose
transport specifically regulates gene expression related to dia-
betic nephropathy and perhaps to other long-term complica-
tions of diabetes.40–43 These glucose-specific effects may be
determined by upregulation of facilitated glucose transporters
and/or by increased glucose transport. We have recently re-
ported that GLUT1 regulates AR2, protein kinase C-a, and
native GLUT1 expression in renal mesangial cells in vitro.40 In

FIGURE 6. Effect of elevated glucose on RPE cell lactate production.
Lactate content was determined in RPE cells exposed to 5 and 20 mM
glucose and media with high concentrations of galactose, mannitol, or
3-OMG for 72 hours. *P , 0.05 in media with high concentrations of
glucose, galactose, or 3-OMG versus 5 mM glucose or high concentra-
tions of galactose. Results represent means 6 SE of six experiments.

FIGURE 5. Effect of elevated glucose on RPE cell glucose utilization.
Rate of glucose utilization was determined in RPE cells exposed to 5 or
20 mM glucose for 72 hours. *P , 0.05 in 20 mM versus 5 mM glucose.
Results represent means 6 SE of three experiments.
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that report, we constitutively expressed the GLUT1 transporter
in rat renal mesangial cells, which resulted in high constitutive
AR2 expression in medium containing only 8 mM glucose.40

Osmotic induction of AR2 was not necessary for the activation
of AR2.40 GLUT1 expression, accelerated glucose transporter
exchange,44 increased glucose entry, or glucose metabolism
may play important proximate roles in the activation of AR2
and other putative pathways of glucose-mediated cell toxicity
in the development of diabetic retinopathy.

References

1. Gabbay KH. The sorbitol pathway and the complications of diabe-
tes. N Engl J Med 1973;288:831–836.

2. Kinoshita JH, Fukushi S, Kador P, Merola LO. Aldose reductase in
diabetic complications of the eye. Metabolism. 1979;28:462–469.

3. Busik JV, Hootman SR, Greenidge CA, Henry DN. Glucose-specific
regulation of aldose reductase in Capan-1 human pancreatic duct
cells in vitro. J Clin Invest. 1997;100:1685–1692.

4. Aida K, Tawata M, Ikegishi Y, Onaya T. Induction of rat aldose
reductase gene transcription is mediated through the cis-element,
osmotic response element (ORE): increased synthesis and/or acti-
vation by phosphorylation of ORE-binding protein is a key step.
Endocrinology. 1999;140:609–617.

5. Carper, D, Kaneko M, Stark H, Hohman T. Increase in aldose
reductase mRNA in dog lens epithelial cells under hypertonic
conditions. Exp Eye Res. 1990;50:743–749.

6. Garcia–Perez A, Burg MB. Role of organic osmolytes in adaptation
of renal cells to high osmolality. J Membr Biol. 1991;119:1–13.

7. Smardo FL, Burg MB, Garcia–Perez A. Kidney aldose reductase
gene transcription is osmotically regulated. Am J Physiol. 1992;
262:C776–C782.

8. Diabetes Control and Complications Trial (DCCT) Research
Group. The effect of intensive treatment of diabetes on the devel-
opment and progression of long-term complications in insulin
dependent diabetes. N Engl J Med. 1993;329:977–986.

9. Foulds WS. The choroidal circulation and retinal metabolism: Part
2: an overview. Eye. 1990;4:243–248.

10. Del Monte MA, Maumenee IH. New techniques for in vitro culture
of human retinal pigment epithelium. Birth Defects Orig Artic Ser.
1980;16:327–338.

11. Bito LZ, DeRoussear J. Transport function of the blood–retinal
barrier system and the micro-environment of the retina. In:. Zinn
KM, Mamor MF, eds. The Retinal Pigment Epithelium. Cambridge,
MA: Harvard University Press. 1979:133–162.

12. MacGregor LC, Matschinsky FM. Treatment with aldose reductase
inhibitor or with myo-inositol arrests deterioration of the electro-
retinogram of diabetic rats. J Clin Invest. 1985;76:887–889.

13. Weinberger D, Fink–Cohen S, Gaton DD, Priel E, Yassur Y. Non-
retinovascular leakage in diabetic maculopathy. Br J Ophthalmol.
1995;79:728–731.

14. Vinores SA, Gadegbeku C, Campochiaro PA, Green WR. Immuno-
histochemical localization of blood–retinal barrier breakdown in
human diabetics. Am J Pathol. 1989;134:231–235.

15. Vinores SA, Van Niel E, Swerdloff JL, Campochiaro PA. Electron
microscopic immunocytochemical demonstration of blood–retinal
barrier breakdown in human diabetics and its association with
aldose reductase in retinal vascular endothelium and retinal pig-
ment epithelium. Histochem J. 1993;25:648–663.

16. Bek T. Transretinal histopathological changes in capillary-free ar-
eas of diabetic retinopathy. Acta Ophthalmol.1994;72:409–415.

17. Tso MO, Cunha–Vaz JG, Shih CY, Jones CW. Clinicopathologic
study of blood–retinal barrier in experimental diabetes mellitus.
Arch Ophthalmol. 1980;98:2032–2040.

18. Shiels IA, Zhang S, Ambler J, Taylor SM. Vascular leakage stimulates
phenotype alteration in ocular cells, contributing to the pathology
of proliferative vitreoretinopathy. Med Hypotheses. 1998;50:113–
117.

19. Del Monte MA, Rabbani R, Diaz TC, et al. Sorbitol, myo-inositol,
and rod outer segment phagocytosis in cultured hRPE cells ex-
posed to glucose: in vitro model of myo-inositol depletion hypoth-
esis of diabetic complications. Diabetes 1991;40:1335–1345.

20. MacGregor LC, Matschinsky FM. Experimental diabetes mellitus
impairs the function of the retinal pigmented epithelium. Metab-
olism. 1986;35(suppl 1):28–34.

21. Khatami M, Rockey JH. Regulation of uptake of inositol by glucose
in cultured retinal pigment epithelial cells. Biochem Cell Biol.
1988;66:951–957.

22. Marano CW, Matschinsky FM. Biochemical manifestations of dia-
betes mellitus in microscopic layers of the cornea and retina.
Diabetes Metab Rev. 1989;5:1–15.

23. Dircks C, Williams EH, Campochiaro PA. High glucose concentra-
tions inhibit protein synthesis in retinal pigment epithelium in
vitro. Exp Eye Res. 1987;44:951–958.

24. MacGregor LC, Matschinsky FM. Experimental diabetes mellitus
impairs the function of the retinal pigmented epithelium. Metab-
olism. 1986;35(suppl 1):28–34.

25. Handa JT, Verzijl N, Matsunaga H, et al. Increase in the advanced
glycation end product pentosidine in Bruch’s membrane with age.
Invest Ophthalmol Vis Sci. 1999;40:775–779.

26. Lu M, Kuroki M, Amano S, et al. Advanced glycation end products
increase retinal vascular endothelial growth factor expression.
J Clin Invest. 1998;101;1219–1224 .

27. Esser P, Heimann K, Bartz–Schmidt KU, et al. Apoptosis in prolif-
erative vitreoretinal disorders: possible involvement of TGF-beta-
induced RPE cell apoptosis. Exp Eye Res. 1997;65:365–378.

28. Frank RN, Amin R, Kennedy A, Hohman TC. An aldose reductase
inhibitor and aminoguanidine prevent vascular endothelial growth
factor expression in rats with long-term galactosemia. Arch Oph-
thalmol. 1997;115:1036–1047.

29. Vinores SA, Campochiaro PA. Prevention or moderation of some
ultrastructural changes in the RPE and retina of galactosemic rats
by aldose reductase inhibition. Exp Eye Res. 1989;49:495–510.

30. Henry DN, Del Monte M, Greene DA, Killen PD. Altered aldose
reductase gene expression in cultured human retinal pigment
epithelial cells. J Clin Invest. 1993;92:617–623.

31. Chomczynski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate phenol-chloroform extraction. Anal
Biochem. 1987;162:156–159.

32. Church GM, Gilbert W. Genomic sequencing. Proc Natl Acad Sci
USA. 1984;81:1991–1995.

33. Cleveland DW, Lopata MA, MacDonald RJ, Cowan NJ, Rutter WJ,
Kirschner MW. Number and evolutionary conservation of a- and
b-tubulin and cytoplasmic b- and g- actin genes using specific
cloned cDNA probes. Cell. 1980;20:95–105.

34. Kador PF, Carper D, Kinoshita JH. Rapid purification of human
placental aldose reductase. Anal Biochem. 1981;114:53–58.

35. Das B, Srivastava SK. Activation of aldose reductase from human
tissues. Diabetes. 1985;34:1145–1151.

36. Ashcroft SJH, Stubbs M. The glucose sensor in HIT cells is the
glucose transporter. FEBS Lett. 1987;219:311–315.

37. Ruegg CE, Mandel LJ. Bulk isolation of renal PCT and PST, I:
Glucose-dependent metabolic differences. Am J Physiol. 1990;
259:F164–F175.

38. Mantych GJ, Hageman GS, Devaskar SU. Characterization of glu-
cose transporter isoforms in the adult and developing human eye.
Endocrinology. 1993;133:600–607.

39. Engerman RL, Kern TS. Experimental galactosemia produces dia-
betic-like retinopathy. Diabetes. 1984;33:97–100.

40. Henry DN, Brosius FC, Heilig C, Busik J. Glucose transporters
control the expression of aldose reductase, PKCa, and GLUT1
genes in mesangial cells. Am J Physiol. 1999;277:F97–F104.

41. Heilig CW, Brosius FC III, Henry DN. Glucose transporters of the
glomerulus and the implications for diabetic nephropathy. Kidney
Int. 1997;52:S91–S99.

42. Christian, M, Stumvoll M, Nadkarni V, Dostou J, Mitrakou A, Gerich
J. Abnormal renal and hepatic glucose metabolism in type 2 dia-
betes mellitus. J Clin Invest. 1998;102:619–624.

43. Ayo S, Radnik R, Garoni J, Glass W, Kreisberg J. High glucose
causes an increase in extracellular matrix proteins in cultured
mesangial cells. Am J Pathol. 1990;136:1339–1348.

44. Henry DN, Busik JV, Olson LK, Greenidge CA, Heilig CW, Frank
RN. Accelerated glucose exchange increases glucose entry into
cells of the blood–retinal barrier (BRB) in vitro [ARVO Abstract].
Invest Ophthalmol Vis Sci. 1999;40(4):S484. Abstract nr 2550.

1560 Henry et al. IOVS, May 2000, Vol. 41, No. 6

Downloaded from iovs.arvojournals.org on 04/25/2024


