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Abstract

Aldose reductase (AR) is implicated in the pathogenesis of the
diabetic complications and osmotic cataract. AR has been iden-
tified as an osmoregulatory protein, at least in the renal me-
dulla. An outstanding question relates to the response of AR
gene expression to diet-induced galactosemia in extrarenal tis-
sues. This paper shows that AR gene expression in different
tissues is regulated by a complex multifactorial mechanism.
Galactose feeding in the rat is associated with a complex and,
on occasions, multiphasic pattern of changes in AR mRNA
levels in kidney, testis, skeletal muscle, and brain. These
changes are not in synchrony with the temporal sequence of
changes in tissue galactitol, galactose, and myoinositol concen-
trations. Moreover, galactose feeding results in changes in tis-
sue AR activities that are not related, temporally or quantita-
tively, to the alterations in tissue AR mRNA or galactitol lev-
els. It is concluded that AR gene expression and tissue AR
activities are regulated by mechanisms that are not purely de-
pendent on nonspecific alterations in intracellular metabolite
concentrations. This conclusion is supported by the finding that
chronic xylose feeding, despite being associated with intracel-
lular xylitol accumulation, does not result in alterations in AR
mRNA levels, at least in the kidney. (J. Clin. Invest. 1993.
92:155-159.) Key words: diabetes mellitus  ducitol  galactose
galactosemia ¢ sugar alcohol dehydrogenase

Introduction

Aldose reductase (AR !; polyol; NADP* 1-oxidoreductase, EC
1.1.1.21), which reduces aldoses and other aldehydes to their
corresponding alcohols, is recognized to play a central role in
the genesis of the diabetic complications (1). It is presumed
that pathogenesis is initiated by AR-catalyzed sorbitol forma-
tion from glucose, a process that is stimulated by the hypergly-
cemia associated with diabetes. This AR-catalyzed sorbitol for-
mation may be an expression of the physiological function of
AR in cellular osmoregulation (reviewed by Burg [2]). Sorbi-
tol may function as an osmolyte and its intracellular accumula-
tion may serve to counterbalance high extracellular osmolality
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and maintain cell volume, particularly in the renal medulla
which is exposed to high extracellular sodium chloride concen-
trations as part of the urinary concentrating mechanism. Diet-
induced galactosemia in the rat is associated with the accumu-
lation of the AR-product galactitol in the renal medulla, a re-
duction in AR mRNA levels, and depletion of renal papillary
sorbitol and other osmolytes (3 ). These effects are largely abol-
ished by the AR inhibitor sorbinil, implying that intracellular
accumulation of AR products (viz. galactitol ) causes down-reg-
ulation of AR gene expression. Streptozotocin-induced dia-
betes is associated with increased renal AR gene expression
implying that diabetes-related hyperglycemia and hyperto-
nicity stimulate gene expression (4, 5).

Although AR gene expression in lens may be osmoregu-
lated (6), the role of AR in tissues other than the renal medulla
is unclear. There is overwhelming evidence that abnormal flux
via AR in susceptible tissues is harmful in diabetes and galacto-
semia. The focus of the present study was the response of AR
gene expression to diet-induced galactosemia in a number of
different tissues, the aim being to establish whether a unifying
osmoregulatory hypothesis can be invoked in all tissues to ex-
plain the changes associated with continuous, prolonger galac-
tose feeding. A related question is whether continuous xylose
feeding and tissue accumulation of the AR product xylitol is
associated with alterations in AR gene expression.

Methods

Animals. Male Wistar rats (100 g), maintained on a 12-h light/12-h
dark cycle (light from 07:30 h), were fed ad lib. on a standard labora-
tory diet supplemented with 50% (wt/wt) galactose by the procedure of
Bondy et al. (3). Animals were randomly assigned to four experimen-
tal groups, each comprising six rats, and fed on the galactose-supple-
mented diet for 2, 7, 14, or 21 d. A control group (six rats) received
unmodified laboratory diet for 21 d. At the end of the feeding periods
animals were sampled under halothane anesthesia, samples of kidney,
testis, brain, and muscle (thigh and calf) being rapidly frozen in alu-
minium clamps precooled in liquid nitrogen and stored at —80°C until
analyzed. This sampling procedure in live anesthetized rats, which took
no more than 5 min per animal, avoids problems associated with post-
mortem changes in metabolite concentrations and mRNA levels that
arise if organs are isolated without freeze-clamping, particularly if they
are dissected postmortem into their different anatomical components
before biochemical analysis. Intraventricular blood samples were de-
proteinized in 6% (wt/vol) perchloric acid and the supernatants neu-
tralized with 2.8 M KOH. Other rats (six in each experimental group)
were fed on standard laboratory diet supplemented with 50% (wt/wt)
xylose for 0, 4, 7, 14, or 21 d.

Rates of blood clearance of D-galactose were examined in six male
Wistar rats (100 g) fed either on the galactose-supplemented diet or
standard laboratory diet for 21 d. Clearance kinetics were determined
after an overnight fast under halothane anesthesia. A basal blood sam-
ple was taken before the intravenous administration of D-galactose (60
mg-kg™!, 200 ul) from the tail vein. Thereafter serial blood samples
were taken from the tail at 3, 5, 8, 12, 20, 30, 40, and 60 min and
deproteinized with 6% (wt/ vol) perchloric acid. The supernatants were
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neutralized with 2.8 M KOH. The galactose half-life (¢5,) was calcu-
lated from the constructed galactose clearance curves.

Analytical methods. Blood concentrations of glucose (7), lactate
(8), and galactose (9) were determined in KOH-neutralized perchloric
acid extracts by published spectrophotometric methods, except for anal-
ysis of blood galactose clearance when galactose was determined lu-
minometrically (10). Measurement of blood galactose by gas liquid
chromatography ( 11) gave similar results to those obtained by the spec-
trophotometric method. Blood xylose levels were determined as the
difference between total blood sugar determined by the phenol-sulfuric
acid method (12) and blood glucose levels determined by the glucose
oxidase method (7).

Tissue concentrations of galactose, galactitol, xylese, xylitol, and
myoinositol were measured by gas liquid chromatography using a mod-
ification of the method of Stribling et al. (11). Briefly, tissue samples
(< 200 mg) were homogenized in 1 ml 10 mM sodium phosphate
buffer, pH 7.0, containing a-methylmannoside (0.02 mg ml™') as an
internal standard and boiled for 25 min. After centrifugation (1,600 g,
20 min), the supernatants were dried under vacuum for 3 h and sily-
lated overnight as described by Stribling et al. (12). The silylated sam-
ples partitioned in water (4 ml) and cyclohexane (0.2 ml) were ana-
lyzed on a gas chromatograph (model GC-14A, Shimadzu Ltd., Japan)
fitted with a fused silica capillary column (25QC3. BP1-0.5). Sugars
and polyols were detected by flame ionization (detector temperature
240°C) and tissue concentrations are expressed as microgram per mil-
ligram protein, protein concentration being determined by the method
of Bradford (13).

It is not possible to specifically determine tissue AR activities be-
cause other enzymes, notably aldehyde reductase (ALR ), resemble AR
in substrate specificity ( 14). Measurement of DL-glyceraldehyde reduc-
tase activities provides an approximate measure of a tissue’s total aldo-
keto reductase capacity (AR + ALR), whereas measurement of galac-
tose reductase activities is an index of the tissue’s functional capacity
for galactitol formation from galactose and is a relatively specific func-
tion of AR. The relative k., values of AR and ALR for galactose in
testis, for example, are 122 mM and > 7,000 mM (15), respectively,
implying that AR is the major enzyme responsible for galactitol forma-
tion in vivo, except at very high galactose concentrations. AR and
related activities were determined spectrophotometrically with either
DL-glyceraldehyde or galactose as substrate. Tissues were homogenized
in 5-7 vol of ice-cold 100 mM sodium phosphate buffer, pH 6.5, and
centrifuged (45,000 g, 40 min) at 4°C. A portion (100-200 ul) of the
supernatant was added to a reaction mixture at 37°C containing 0.4 M
ammonium sulphate and 0.2 mM NADPH in 10 mM sodium phos-
phate buffer, pH 6.5, to give a final volume of 1 ml. After a 20-min
preincubation at 37°C, the reaction was started by the addition of DL-
glyceraldehyde (final concentration 10 mM) or galactose (final con-
centration 200 mM) and the absorbance determined at 340 nm for 2
min. Enzyme activity is expressed as milliunits per milligram of pro-
tein, 1 mU being the amount of enzyme that catalyzes the oxidation of
1 nmol NADPH per min at 37°C.

Total RNA was extracted from kidney, brain, testis, and muscle by
the acid-guanidium thiocynate-phenol-chloroform method (16).
RNA samples (15 ug) were denatured at 50°C for | h in a mixture of 1
M glyoxal (freshly deionized) and 10 mM sodium phosphate buffer,
pH 7.0. Denatured RNA samples were electrophoresed in 1.4% (wt/
vol) agarose gels (120 mA for 3 h, 10 mM sodium phosphate, pH 7.0)
and transferred to nylon membranes (Hybond-N, Amersham Interna-
tional, Amersham, UK) by capillary blotting as described by Thomas
(17). After baking at 80°C for 3 h, the filters were prehybridized at
65°C for 2 h in a solution containing 6X SSC (0.9 M Na(Cl, 0.09 M
trisodium citrate, pH 7.0), 1X Denhardt’s solution (0.2% Ficoll, 0.2%
polyvinylpyrrolidone, 0.2% BSA, and 0.01% SDS), 10 mM sodium
phosphate, pH 7.0, | mM EDTA, 5% (wt/vol) dextran sulfate, and 100
ug-ml~! denatured herring sperm DNA. Hybridizations were carried
out overnight at 65°C using a fresh volume of the same solution con-
taining ?P-labeled human placental AR cDNA probe (18). Filters
were washed at 65°C three times with 5X SSC-0.1% (vol/vol) SDS and
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two times with 2X SSC-0.1% (vol/vol) SDS, each wash for a duration
of 15 min, and then exposed to X-OMAT-AR film (Eastman Kodak
Co., Rochester, NY) at —80°C. To determine the relative quantities of
AR mRNA, the blots were stripped with a solution of 50% (vol/vol)
formamide and 10 mM sodium phosphate, pH 7.0, at 65°C for 1 h,
washed three times with 2X SSC-0.1% SDS for 10 min each time, and
rehybridized under the conditions described above with a glyceralde-
hyde 3-phosphate dehydrogenase cDNA probe. Autoradiographs were
quantified by densitometry and AR mRNA levels expressed as a ratio
to the levels of glyceraldehyde 3-phosphate mRNA.

Statistical analysis. Data were analyzed by the one-way ANOVA
test and results are expressed as means+=SEM with the number of ani-
mals in parentheses.

Results

Response of AR to galactose feeding. Diet-induced galactose-
mia and the associated accumulation of the AR product galac-
titol causes down-regulation of AR gene expression, providing
a mechanism of cellular osmoregulation (3). An important
question is whether this presumed mechanism of cellular os-
moregulation functions in tissues other than the kidney and
whether galactose feeding causes parallel changes in AR gene
expression in these tissues. Galactose feeding is associated with
a complex pattern of changes in AR mRNA levels that varies
between tissues (Fig. 1). The response of renal AR mRNA
levels to galactose feeding is biphasic. There is an initial decline
—by 11% at day 2 (P < 0.01), and by > 30% at days 7 (P
< 0.001)and 14 (P <0.01 )—followed by a massive increase in
mRNA levels to 266% of basal at 21 d (P < 0.001). In contrast,
testicular AR mRNA levels show a sustained decline (by 26%
at day 2 and by ~ 50% thereafter; P < 0.001), whereas brain
AR mRNA levels increase after 2 d of galactose feeding (by
20%; P < 0.01) and thereafter decline (by > 30%; P < 0.01).
The response of muscle AR mRNA levels is multiphasic: levels
initially decrease (by 36% at days 2 and 7; P < 0.001), then
return to basal at 14 d and thereafter decline (by 36%; P
< 0.001).

An important question concerns the extent to which alter-
ations in AR mRNA levels, associated with galactose feeding,
cause alterations in tissue AR activities. Whereas tissue glycer-
aldehyde reductase activities remain constant in response to
continuous galactose feeding (results not shown), galactose-
mia is associated with changes in tissue galactose reductase
activities (Table I). An important finding is that the changes in
AR mRNA levels in response to galactose feeding are not ac-
companied by parallel changes in the tissue activities of galac-
tose reductase. Although these activities may change in re-
sponse to galactose feeding, the changes are neither in
synchrony with nor can be related to alterations in AR mRNA
levels. The ratio of galactose reductase activity to AR mRNA
levels varies markedly between tissues and there is no linear
relationship between either tissue galactose reductase or glycer-
aldehyde reductase activities and AR mRNA levels (P > 0.05
in all instances).

Response of tissue polyols and sugars to galactose feeding.
It is important to establish to what extent the changes in AR
mRNA levels and enzyme activities in response to galactose
feeding are determined by changes in tissue polyol concentra-
tions. Continuous galactose feeding is associated with galacto-
semia without any accompanying alterations in blood glucose
(4.6+£0.2 mM) and lactate (1.2+0.1 mM) levels (Table II). A
consistent finding was that blood galactose levels were elevated
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(by 172%) at 14 d and thereafter declined. In agreement with
others, tissue galactitol levels increase as a function of the dura-
tion of feeding and this abnormal accumulation is most pro-
nounced in skeletal muscle (19). Relative tissue galactitol ac-
cumulation in response to galactose feeding is skeletal muscle
> testis > brain > kidney (Table III). Except in kidney, these
differences between tissues in the extent of galactitol accumula-
tion are not related to differences in tissue galactose levels. If
tissue galactitol levels were to be determined solely by tissue
AR activities, a relationship would be predicted between AR
activity and the extent of tissue galactitol accumulation. No
such relationship exists implying that galactitol accumulation
is not a simple function of either AR activity or AR gene ex-
pression. For example, although the testis possesses substan-

Table I. Galactose Reductase Activity in Tissues from
Galactose-fed Rats

Duration of galactose feeding
Tissue (n) Day 0 Day 7 Day 14 Day 21
mU/mg protein
Kidney (6) 4.3+0.4 3.2+0.1 3.1+0.1* 2.4+0.1%
Testis (6) 26.7+2.1 42.0+3.8* 30.0+3.7 7.8+0.7%
Brain (6) 1.6+0.1 1.5+0.1 1.8+0.3 1.4+0.1
Muscle (6) 2.0+0.2 2.0+0.3 2.0+0.1 2.2+0.2

tially higher levels of galactose reductase activity than skeletal
muscle, galactitol concentrations are up to almost fourfold
higher in muscle. Consistent with the medullary localization of
AR, levels of galactose and galactitol in the intact kidney (Ta-
ble III) are significantly less (by > 20-fold) than those reported
by Bondy et al. in renal papillae from rats fed on a galactose-
supplemented diet for 10 d (3).

Galactose feeding is reported to be associated with the de-
pletion of myoinositol in the rat inner renal medulla (3). Table
III indicates a more complex multiphasic pattern of changes
that varies between the different tissues. Although short-term
(2 d) feeding is indeed associated, except in skeletal muscle,
with decreased tissue myoinositol levels, extended feeding, at
least in muscle, brain and kidney, causes first an elevation and
then a reduction in tissue myoinositol levels.

Effects of galactose feeding on galactose clearance. Alter-
ations in tissue AR activities may alter the capacity of specific

Table II. Blood Metabolite Concentrations

Duration of galactose feeding

Metabolite Day 0 Day 2 Day 7 Day 14 Day 21
mM

Galactose 0 22+1.1*  6.5+1.2%  17.7+0.7% 5.2+1.5%

Lactate 1.1£0.1 1.0+0.3 1.2+0.2 1.5+0.2 1.2+0.1

Glucose 44+04 4.2+0.3 4.7+0.2 4.5+0.3 5.4+0.3

The data are shown as means+SEM with the number of rats shown in
parentheses. * Significantly different from day 0, P < 0.01 by AN-
OVA. *Significantly different from day 0, P < 0.001 by ANOVA.

The values shown are means+SEM for six rats. * Significantly dif-
ferent from day 0, P < 0.05 by ANOVA. # Significantly different
from day 0, P < 0.001 by ANOVA.
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Table I11. Galactitol, Galactose, and Myoinositol Levels in Tissues from Galactose-fed Rats

Duration of galactose feeding
Tissue (n) polyol Day 0 Day 2 Day 7 Day 14 Day 21
ug/mg protein
Kidney (6) galactitol 0 2.4+0.9 3.9+0.6 4.9+0.5% 7.1+0.7%
galactose 0 6.0x1.1 8.5+1.9 10.8+1.5 51.6+17.7¢
myoinositol 4.6+1.7 2.7+0.3 7.8+1.8 12.3+1.9%* 8.7+0.7"
Testis (6) galactitol 0 12.3+1.3 18.4+2.7 12.9+1.8 20.7+3.8*
galactose 0 1.0£0.2 3.3+0.6 14.3+2,0° 5.6+0.8*
myoinositol 8.5+0.8 4.8+1.6 14.4+2.0 14.8+2.0 24.1£3.0
Muscle (6) galactitol 0 20.4+3.5 41.4+6.8° 46.4+3.2% 68.6+3.2¢
galactose 0 17.0+1.7 15.4+1.6 16.6+2.3 19.2+2.7
myoinositol 0.7+0.1 1.0+0.4 2.4+1.0" 0.8+0.2 0.6+0.1
Brain (6) galactitol 0 5.2+0.7 11.4+1.4* 11.9+1.7¢ 12.4+0.9%
galactose 0 6.1+0.2 6.0+0.5 5.9+0.8 8.9+2.2
myoinositol 8.0+1.6 1.9+0.3" 8.6x1.3 10.3+1.4 8.1x1.0

The data are shown as means+SEM with the number of rats shown in parentheses. * Significantly different from day 2, P < 0.05 by ANOVA.
* Significantly different from day 2, P < 0.01 by ANOVA. ¢ Significantly different from day 2, P < 0.001 by ANOVA. ! Significantly different
from day 0, P < 0.05 by ANOVA. !Significantly different from day 0, P < 0.01 by ANOVA. ** Significantly different from day 0, P < 0.001

by ANOVA.

tissues for galactose metabolism and in theory may modify
whole-body galactose clearance kinetics. It is of interest that the
half-life of intravenously administered galactose was decreased
(P < 0.05) by continuous galactose feeding for 21 d from
8.6+1.0 to 5.8+0.8 min.

Effects of xylose feeding on renal AR mRNA and polyol
levels. Continuous xylose feeding for up to 21 d, which is asso-
ciated with xylemia (blood xylose 2.1+0.2 mM) but unaltered
blood glucose concentrations, results in the renal accumulation
of xylose and xylitol. Tissue xylose concentrations are in-
creased at 4 d and remain constant thereafter, whereas xylitol
levels increase progressively (Table IV). Despite these pro-
found changes in tissue metabolite concentrations, AR mRNA
levels are unaffected by xylose feeding.

Discussion

The function of AR in tissues other than the renal medulla is
unknown, although there is overwhelming evidence that ab-
normal flux via AR is implicated in the pathogenesis of the
diabetic complications and osmotic cataract (1). Continuous
galactose feeding, which is associated with renal medullary ga-
lactitol accumulation, leads to a reduction in AR mRNA levels
consistent with galactitol-mediated down-regulation of renal
medullary AR gene expression. An important question is
whether this mechanism operates in other tissues.

Prolonged exposure to galactose is recognized to be asso-
ciated with metabolic adaptation (20, 21), which is presum-
ably the basis for the increase in galactose clearance and re-
duced galactosemia seen at 21 d. The profound alterations in
AR mRNA levels in kidney, testis, skeletal muscle, and brain
may be one facet of this adaptation. These alterations, except in
the case of testis, are not in synchrony with the temporal se-
quence of changes in total tissue galactitol, galactose, and
myoinositol concentrations, nor do they parallel the changes in
blood galactose concentrations. The accumulation of these me-
tabolites is indicative of intracellular hyperosmolality, al-
though it must be recognized that intracellular metabolite con-
centrations may vary significantly between different cell types
in complex tissues like the kidney, testis, and brain: It is well
recognized that there are regional differences in polyol levels
that reflect the cellular localization of aldose reductase. Al-
though, as reported by others (3), short-term galactose feeding
is associated with a diminution in renal AR mRNA levels,
extended feeding (21 d) causes a massive increase in mRNA
levels (to 216% of controls) despite sustained accumulation of
galactitol, galactose, and myoinositol. In brain and skeletal
muscle, by contrast, the response of AR mRNA levels to
chronic galactosemia is complex and multiphasic despite high
galactitol levels. These findings, therefore, point to a more
complex relationship between galactosemia and AR gene ex-

Table IV. Renal Xylose, Xylitol, and AR mRNA Levels in Xylose-fed Rats

Duration of xylose feeding
Day 0 Day 4 Day 7 Day 14 Day 21
Xylose (ug mg protein™') 0 3.8+1.0* 5.8+0.6* 5.0+0.7* 4.2+1.1*
Xylitol (u mg protein™") 0 0.4+0.1* 0.3£0.1* 0.6+0.2* 2.5+0.3*
AR mRNA (ratio to GAPDH) 0.6+0.1 0.6+0.1 0.5+0.5 0.6+0.1 0.6+0.1

The values shown are means+SEM for six rats. * Significantly different from day 0, P < 0.001 by ANOVA.
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pression than one based simply on cellular osmoregulation.
This conclusion is supported by the finding that chronic xylose
feeding, which causes xylemia and substantial tissue xylitol ac-
cumulation, is not associated with elevated AR mRNA levels,
at least in the kidney. The differential effects of xylose and
galactose feeding on AR gene expression are consistent with a
regulatory mechanism that is substrate specific as opposed to
one that is purely dependent on nonspecific alterations in in-
tracellular organic osmolyte concentrations. This specificity
may relate to differences in metabolism between xylose and
galactose. Xylose is metabolized exclusively via AR, whereas
galactose is metabolized predominantly via the hepatic galacto-
kinase pathway and only to a limited extent via AR.

Whereas others have reported that renal papillary myoino-
sitol levels are reduced in response to diet-induced galactose-
mia as part of the cellular homeostatic response to elevated
galactitol levels (3), the present study indicates a pattern of
changes that is complex and multiphasic and varies between
tissues. Although short-term galactose feeding (2 d) is asso-
ciated with myoinositol depletion in the kidney, testis, and
brain, extended feeding results in a secondary increase to levels
that may exceed those in the basal state. In skeletal muscle, by
contrast, galactose feeding causes an initial increase in myoino-
sitol levels followed a decline to near-basal concentrations. The
osmoregulatory accumulation of myoinositol occurs by active
transport and it has been presumed that the cytoplasmic ionic
strength, which is influenced by external hyperosmolality and
intracellular galactitol accumulation, modulates renal medul-
lary myoinositol levels via effects on efflux and influx. This
interpretation is put into question by our finding that the rela-
tionship between galactitol and myoinositol levels is not recip-
rocal.

Implicit in the determination of tissue AR mRNA levels in
this and other studies is the assumption that mRNA levels re-
flect transcriptional rates and are related to tissue levels of AR
and AR activities. This assumption is put into question by the
finding that there is no consistent quantitative or temporal re-
lationship between tissue galactose reductase activities and AR
mRNA levels. Although this anomaly may be explained in part
by the multisubstrate specificities of AR and related enzymes,
particularly ALR, it does imply that factors other than AR
mRNA levels, notably AR turnover and enzyme activation
(22), may determine tissue enzyme activities. Measurement of
tissue levels of immunoreactive AR in relation to AR activities
is necessary to establish the extent to which posttranslational
events determine cellular AR activities. In this context, it is
noteworthy that continuous galactose feeding produces in-
creases in levels of both AR mRNA and immunoreactive AR
in rat lens (23, 24).

Emphasis in the literature hitherto has been on the role of
AR in relation to cellular osmoregulation. This article reports a
complexity of regulation of tissue AR and AR mRNA levels
that is incompatible with osmoregulation as the exclusive mech-
anism governing polyol metabolism. The implication is that
other factors, one of which may be sugar-specific, contribute to
the regulation of the cellular activity of the polyol pathway. An
important question relates to why AR gene expression needs to
be regulated by factors other than cytoplasmic ionic strength.
One reason may relate to a physiological role of AR in sugar
metabolism: The modulation of AR activities may constitute
an important component of the body’s capacity to metabolise
dietary aldoses and alterations in AR activities may be one

factor in the adaptive increase in galactose clearance rates in
diet-induced galactosemia.
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