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Sammanfattning
Kvinnor med diabetes löper 3-10 gånger större risk än andra kvinnor att föda missbildade
barn. Detta tros främst bero på den höga glukoshalten i blodet men andra faktorer, till
exempel barnets genuppsättning, har också visats ha betydelse. Diabetes påverkar inte bara
fostret utan har även en negativ effekt på diverse organ i kroppen hos patienten, närmare
bestämt större kärl, njurar, nerver och ögon. Tidigare studier har visat att enzymet
aldosreduktas (AR) är inblandat i uppkomsten av dessa komplikationer och målet med detta
arbete var därför att utreda om AR även har betydelse för framkallning av missbildningar i
samband med diabetes. AR deltar i glukosmetabolismen genom att omvandla glukos till
sorbitol.
En råttstam där embryona utvecklar fosterskador när mamman har diabetes användes som
modell för denna studie. AR undersöktes med avseende på enzymaktivitet, genuttryck samt
proteindistribution och slutsatsen blev att det existerar en skillnad mellan de embryon som
drabbas av missbildningar när de utsätts för en diabetes miljö och de som klarar sig. En
möjlig hypotes, grundad på resultaten av detta arbete, är att de embryon som är känsliga för
fosterskador har en AR-gen som gör att AR-proteinet överlever längre i dessa individer och
därmed ökas även den enzymatiska kapaciteten.

Lisa Kvist Wadman
Uppsala universitet
Augusti 2003
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1

Background

1.1

Introduction

Lisa Kvist Wadman

The research group of Professor Ulf Eriksson at the Department of medical cell biology at
Uppsala University investigates why the malformation rate in diabetic pregnancies is
increased compared to non-diabetic pregnancies, using a rat model. One theory is that the
genotype of mother and child affects the risk of developing diabetes-induced birth defects. To
approach this hypothesis, linkage analysis has been performed and an association to a region
where the gene of an enzyme, aldose reductase (AR), is located was found. The aim of this
project was to elucidate the role of AR in the susceptibility to malformations in diabetic
pregnancy. To accomplish this, the enzyme activity, the gene expression and the protein
distribution of AR were studied.
1.2

Diabetes

1.2.1

Pathology

Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia, a blood
glucose concentration that exceeds approximately 7.0 mM. Glycosylated hemoglobin (HbA1c)
is measured to determine the degree of glucose control. Normally the pancreatic hormone
insulin, produced by the beta cells in the Langerhans islets, controls the cellular uptake of
glucose. However, in diabetic individuals this action is disturbed.
The two main forms of the disease are type 1, also called insulin-dependent diabetes mellitus
(IDDM), and type 2, also referred to as non-insulin-dependent diabetes mellitus (NIDDM).1, 2
Type 1 is characterized by a total deficiency of insulin due to autoimmune destruction of the
beta cells and the patients therefore need daily insulin injections. However, more than 90% of
the beta cells have to be destroyed before the diabetic symptoms arrive. This form of the
disease mainly affects young individuals. Sweden and Finland are the two countries where the
risk of developing type 1 diabetes is greatest in the world. In type 2 diabetes the beta cells are
still able to produce insulin but their function is impaired, causing poor regulation of insulin
secretion. Patients suffering from type 2 diabetes also encounter insulin resistance. These
individuals can usually control their disease through diet and exercise, without the need of
insulin injections. Type 2 diabetes shows greater heredity than type 1, affects older
individuals and is usually associated with obesity.
1.2.2

Complications

The primary symptoms of diabetes include diuresis, thirst and tiredness. These are a result of
the entrance of glucose to the urine when the renal threshold for glucose reabsorption is
exceeded. An osmotic diuresis is developed resulting in dehydration and the following thirst.
Diabetes is also associated with a disturbed fat metabolism. When insulin is absent, fat is
broken down to acetyl-CoA via beta-oxidation. The excess acetyl-CoA is further converted
into ketone bodies, which is leading to ketosis.
In time, many diabetic patients develop secondary complications, i.e. microvascular
alterations and accelerated atherosclerosis affecting macrovascular tissues. The microvascular
complications occur in tissues that undergo insulin-independent uptake of glucose, such as
ocular lens, retina, peripheral nerve, and renal glomerulus and give rise to the pathological
5

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

conditions cataract, retinopaty, neuropathy and nephropathy, respectively.3- 5 Of these,
diabetic neuropathy is the most common complication,6 whereas cataract and retinopathy can
lead to irreversible blindness.7 The appearance and severity of diabetic complications are
linked to the degree and duration of diabetes.7, 8
1.2.3

Diabetes-induced birth defects

Congenital malformations are 3-10 times more common in diabetic pregnancies in
comparison to nondiabetic gestation.9-11 The malformations are believed to occur early in
pregnancy, i.e. during the period of organogenesis,12 and they affect all major organ
systems.9, 13 However, the defects more often occur in the heart9 and great vessels, in the
central nervous system as well as in the muscoskeletal system.14 In addition, caudal regression
is more common in diabetic offspring compared to the general population.9 Also the
DiGeorge anomaly is associated with maternal diabetes.15 This syndrome includes facial
abnormalities, hypoplastic thymus and parathyroid together with cardiac and arterial
malformations. Infants of diabetic women also suffer a greater risk of being stillborn.11
The primary teratogen is believed to be the increased blood glucose level16, 17 but despite strict
glycemic control a diabetic woman can not completely normalize her risk of having a
malformed child. This suggests that there exist other contributory factors to the development
of diabetes-induced birth defects. Possible candidates are augmented levels of ketone
bodies,18 triglycerides19 and branched chain amino acids.19 Oxidative stress,17, 20, 21 depletion
of inositol,17, 21-23 disturbed metabolism of arachidonic acid and prostaglandins,17 and the
genotype of mother and fetus17, 24 have also been suggested to participate in the etiology of
malformations.
1.3

Rat model

Sprague Dawley rats from the outbred strain Han:SPRD was imported to Anticimex/ALAB in
Sollentuna, Sweden, from Zentralinstitut für Versuchstiersuht in Hanover, Germany, in 1962.
Twenty years later they were brought to Uppsala and named SDU (Sprague Dawley Uppsala).
This substrain, bred at the Laboratory Animal Resources of the Biomedical Centre in
Uppsala, was shown to exhibit an elevated frequency of congential malformations and
resorptions in association with maternal diabetes. A number of inbred strains were created
from the outbred SDU strain and of those L4 was shown to be one of the best models for
congenital malformations induced by diabetes.
Open neural tube in the back of the neck, underdeveloped mandible (micrognathia), rotational
defects and heart enlargement belongs to the visible external malformations, together with
growth retardation, and these characteristics are used to determine whether the embryos are
malformed or not. The embryos in a diabetic environment may also encounter structural
defects in heart development, leading to septum defects and vessel abnormalities, but they
have not been examined for that in this study.
The morphologic lesions are induced between gestational day (GD) 6 and 10 in vivo25 but in
vitro between GD 9 and 11, since it is not possible to culture embryos younger than 9 days.
These 48 hours of development correspond to week 3-5 in human pregnancy. During this
period the somite number increases from 3 to 25, the heart is formed and the neural tube is
closed, among other things. This period of time is also associated with the migration of the
neural crest cells from the closing neural tube in the back of the embryo to different positions
6

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

inside the embryo. These cells are needed for the proper development of the heart, the facial
skeleton, the thyroid and parathyroid glands, the thymus, the adrenal medulla and the whole
peripheral nervous system (PNS).
Figure 1. Three embryos of
GD 11: Normal (left), minor
malformed (middle) and
major malformed (right). The
first embryo is developed in a
normal environment and the
two latter in a diabetic
environment. The pictures
were used with kind
permission from Professor Ulf
1.4
Linkage
Eriksson, Uppsala
University,
Analysis
Uppsala, Sweden
(http://www.medcellbiol.uu.se
/research/ueresearche.html).

1.4

Linkage analysis

1.4.1

Theory

During meiosis, the chromosomes can undergo physical breakage and exchange segments of
DNA. This is called crossing-over or recombination. Two genes that are physically close
together on a chromosome will be separated due to recombination less frequently than two
genes that are more distant from each other. Linkage is the term for the physical association
between genes or genetic markers that are on the same chromosome, i.e. the tendency of them
to be inherited together due to their location. When two genes or markers are linked in a
nonrandom way they are said to be in linkage disequilibrium.
Linkage analysis is performed to identify the markers that are linked to a particular locus, in
this case the gene or genes that are responsible for the high frequency of malformations in a
diabetic environment. Useful markers have mainly two important properties; they occur
frequently in the genome and they are polymorphic, meaning that the number of repeats,
allele sizes, differs between individuals. Microsatellites, sequences consisting of a 1-4 base
pair (bp) long unit repeated 10-30 times, fulfil these demands and are often used as genetic
markers.
1.4.2

Crossing scheme

The aim of the linkage analysis was to elucidate which parts of the rat genome that are linked
to the occurrence of diabetic malformations. To accomplish this, rats sensitive to diabetesinduced birth defects were mated with resistant rats and the progeny were further mated to
receive an offspring that differed in genome constitution and incidence of malformations.
Since linkage analysis is dependent on polymorphic markers, it is not suitable to cross rats
originating from the same strain, as they share the same allele size of many markers.
Individuals from the L4-strain, with a high frequency of diabetes-induced malformations,
were therefore mated with individuals from another inbred rat strain, Wistar, which are
resistant to birth defects due to a diabetic environment. The females of this offspring were
then made diabetic using a single intravenous injection of streptozocin, which is toxic for the
beta cells, and crossed with L4-males. This created an offspring where each locus was either
7
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L4/L4

+

homozygous for the L4-genome or
heterozygous, with one allele inherited from
the Wistar-strain and the other from the L4strain.

W/W

1.4.3
L4/W

+
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Analysis

L4/L4

The offspring, consisting of 186 individuals,
half of them being subjected to malformations,
where analysed using 250 microsatellites.
Seven different parts of the genome were
L4/W
L4/L4
found to be linked to diabetes-induced
congenital malformations. Four of these
regions, suited on chromosome 4, 14, 16 and
Figure 2. Crossing scheme of the two rat strains L4
18, originated from the L4-genome, as
and Wistar (W). From the second generation, L4/W
females were made diabetic and mated with L4/L4
expected. The other three, found on
males.
chromosome 10 and 18, were surprisingly
enough derived from the Wistar-genome. A
possible explanation to this is the presence of protective genes in the complete Wistargenome, inhibiting the action of the malformation-inducing loci. In the seven chromosome
regions, one of the candidate genes for a possible role in diabetes-induced malformations is
the gene encoding for the enzyme AR. This gene is situated in the region on chromosome 4
where linkage was found between birth defects and the female L4-genome.
1.5

Aldose reductase

1.5.1

Introduction

AR (EC 1.1.1.21) is a cytosolic, monomeric,
nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent oxidoreductase that
catalyzes the reduction of various sugar
aldehydes to the corresponding alcohols.26 The
reverse reaction is rare.26, 27 Oxidoreductases
are further divided into long-chain alcohol
dehydrogenases, short-chain
dehydrogenases/reductases and aldo-keto
reductases.28
AR is a member of the aldo-keto reductase
superfamily (AKR). AKRs are about 320
Figure 3. 3-dimensional x-ray crystal structure of
AR in a complex with its cofactor NADPH
amino acid residues in size and have similar
(yellow). The illustration was used with kind
physical and chemical properties. AR itself
permission by Assistant Professor Dave Wilson,
has a molecular mass of 36 kDa. In addition
University of California, Davis, CA, USA
to AR, aldehyde reductases, hydroxysteroid
(http://alanine.ucdavis.edu/~dave/akr1_1.html).
dehydrogenases and dihydrodiol
dehydrogenases belong to this superfamily.4, 28 AR contains an eight-stranded parallel b/abarrel motif, with the substrate-binding site found in a pocket at the carboxy-terminal end of
the b-barrel.28, 29 The cofactor NADPH binds to the bottom of the active site.4
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The polyol pathway

AR participates in the glucose metabolism by being the rate-limiting enzyme of the polyol
(polyhydric alcohol) pathway (figure 4). In this pathway glucose is reduced to sorbitol by AR,
using NADPH as an electron donor. Sorbitol is subsequently oxidized to fructose by the
enzyme sorbitol dehydrogenase (SDH), using nicotinamide adenine dinucleotide (NAD+) as
an electron acceptor. During euglycemic conditions the main task of the polyol pathway is to
provide sorbitol to balance the osmotic pressure in the renal medulla and to produce fructose
as an energy source for sperm in the seminal vesicle.4 AR is moreover involved in other
pathways concerning steroid metabolism, aldehyde detoxification and catecholamine
metabolism but in these reactions there are other enzymes acting on the same substrates.4

The polyol pathway
glucose

sorbitol
AR

NADPH

fructose
SDH

NADP+

NAD+

NADH

Figure 4. The polyol pathway.

1.5.3

Diabetes-induced hyperactivation of the polyol pathway

AR acts on many different aldehyde-containing substrates but sugars with shorter chains are
better substrates than hexoses.30 Due to its low affinity for glucose, only 3% of all glucose is
converted to sorbitol at normal glucose levels.31, 32 Instead glucose is mainly phosphorylated
into glucose 6-phosphate by hexokinase, which is further metabolized to pyruvate and lactate
via the glycolytic pathway. During hyperglycemic conditions however, one third of the
glucose is metabolized by the polyol pathway.5, 33 In addition, the AR activity is enhanced by
high glucose concentrations.34 This hyperglycemia-induced increase in flux through the
polyol pathway has been proposed to play an important role in the pathogenesis of secondary
diabetic complications in eyes, nerves and kidneys.4, 5
Nitrogen oxide (NO), a second messenger that regulates several physiological processes, has
been shown to inhibit AR.5 Besides glucose-dependent enzymes, NO may constitute the only
regulator of glucose metabolism in insulin-insensitive tissues. During diabetes the availability
of NO is decreased, implicating a loss of a possibly important regulator of the polyol
pathway, which could partly explain the increased AR activity.5
The AR gene in human is located on chromosome 7q35 and in rat on chromosome 4q22. The
gene consists of 10 exons in both human and rat but spans over 18 kilobases (kb) in human
and 14.1 kb in rat.35 Two polymorphisms nearby or in the promotor region of the human AR
gene have been shown to associate with diabetic complications.31, 36, 37
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The first polymorphism discovered was a (AC)n-dinucleotide repeat marker, a microsatellite,
situated 2.1 kb upstreams of the transcription start site of the AR gene.31, 37 This polymorphic
marker is associated with diabetic retinopathy 31 and nephropathy 38 in Chinese patients with
type 2 diabetes and nephropathy,36 retinopathy37 and neuropathy8 in Caucasian patients with
type I diabetes. The studies indicate that a certain allele, Z-2, enhance the risk of developing
diabetic complication.8, 31, 36-38 Some of these investigations imply that the Z+2 allele in
contrast protects the carrier,8, 36, 38 whereas other studies do not support this hypothesis.39
Certain studies do not at all confirm the theory that the dinucleotide polymorphism
contributes to diabetes-induced complications.40, 41 However, their contradicting results could
be due to population differences.
A possible explanation for a “risk allele” and a “protective allele” is a linkage between these
alleles and a mutation in or around a functional AR osmoregulatory element (AR-ORE),
which is located in close proximity to the 5’AR locus.8 The Z-2 allele would then be
associated with an overefficient AR-ORE, eliciting sorbitol accumulation, while the Z+2
would be linked to an inefficient ORE. The Z-2 allele might also be in linkage with a
mutation making the AR enzyme bind glucose better,31 to a mutation that increases the
expression level of AR31 or to an adjacent susceptibility gene locus.38 Indeed, the enzyme
activity in type 1 diabetic patients with diabetic complications has been shown to be higher
than in those diabetics without complications.42 In addition, increased gene expression of AR
has been correlated with nephropathy in type 1 diabetic patients, and especially in those
carrying the Z-2 allele.43, 44 Finally, the prevalence of retinopathy in patients with a relatively
short duration of diabetes has been correlated with enhanced AR protein levels.7
The second polymorphic marker is a C/T transition at position –106, located in the basal
promoter region of AR.37 Association has been found between the C allele and diabetic
retinopathy37 but contradictory also between the T allele and nephropathy in Caucasian
patients with both type 1 and type 2 diabetes.39, 40 In addition, strong linkage disequilibrium
has been estimated between both the C allele and the Z-2 allele37 as well as between the T
allele and the Z-2 allele.39 Again, the contradicting conclusions can be explained by different
type of populations in the study groups.
1.5.4

AR-mediated diabetic complications

Although it is unknown how the increased flux through the polyol pathway is involved in the
occurrence of diabetic disorders several possible mechanisms have been suggested. One of
the first mechanisms proposed is based on the development of osmotic stress due to sorbitol
accumulation.3, 26, 30, 45 Glucose can easily penetrate the cell membrane while the polyol
sorbitol is an osmolyte with low permeability. Thus, the excessive polyol pathway
metabolism results in an accumulation of sorbitol inside the cells. This causes hypertonicity
and osmotic imbalance that in turn leads to typical diabetic complications, due to swelling and
disruption of the intracellular environment.3, 26, 46 Other investigators argue however that the
sorbitol concentrations are too low to cause osmotic damage.32
A consequence of the osmotic stress caused by the sorbitol accumulation is a leakage out of
the cell of substances that normally are maintained against a concentration gradient.46 Myoinositol is such a substance.46, 47 In addition, the uptake of myo-inositol during hyperglycemia
is impaired due to competition with glucose.23, 48 Myo-inositol is believed to be important for
the maintenance of peripheral nerve membrane-bound sodium-potassium adenosine
triphosphatase (Na+-K+-ATPase) activity, which is important for proper conduction velocity
10
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in nerves.6, 49, 50 Slow nerve impulse conduction is found in diabetic neuropathy.
Investigations also indicate that depletion of myo-inositol due to diabetes results in functional
alterations in kidney, retina and arterial wall via decreased Na+-K+-ATPase activity.50
It has also been suggested that an increase in cytosolic NADH/NAD+ ratio due to a reduction
of NAD+ to NADH caused by the oxidation of sorbitol is able to elicit diabetic complications.
The increase of NADH/NAD+ mediates the complications by causing a number of metabolic
changes that mimic hypoxia, for example imbalances in lipid metabolism and enhanced
oxygen levels.51 However, it has been proposed that the augmented NADH/NAD+ ratio
reflects a decrease in the absolute concentration of NAD+ due to consumption by activated
poly(adenosine diphosphate (ADP)-ribose) polymerase (PARP) rather than oxidation of
sorbitol.32 PARP is activated during hyperglycaemia due to the enhanced production of
reactive oxygen species (ROS).
The most discussed explanation today to the deleterious effects of diabetes caused by a
hyperactive polyol pathway is an increased oxidative stress.52 When the flux through the
polyol pathway is enhanced the cofactor NADPH is depleted resulting in decreased
regeneration of reduced glutathione (GSH), which also requires NADPH to be formed. GSH
is a cellular antioxidant removing ROS and is therefore important for protection of the cell
from oxidative stress. The depletion of NADPH also effects the production of NO since NO
synthase competes with AR for the same cofactor. Decreased levels of NO produce
vasoconstriction and slowing of nerve conduction, which is involved in the pathogenesis of
diabetic neuropathy.53, 54 It has also been suggested that NO is inactivated by enhanced levels
of ROS, i.e. superoxide, produced as a result of the hyperglycemia increased endothelial cell
sorbitol concentrations.55
1.5.5

AR inhibitors

Due to the probable involvement of AR in hyperglycemia-induced disorders the enzyme
represents a potential drug target to prevent the elicitation of diabetic complication. However,
the high similarity between the AKR superfamily members complicates the designing of
specific inhibitors. Differences in sensitivity to AR inhibitors among species have also
contributed to difficulties in predicting the potency, efficacy and side effects of an inhibitor in
human. The amino acid sequences of AR in human, rat and other animal species show a
relatively low sequence similarity (82-85%).4 Furthermore the AR distribution and activity
differs between species. Compared to humans and mice the lens AR activity is much higher in
rats and octogon degus, a South American rodent.30, 56
Despite the problems in designing AR inhibitors, several structurally different inhibitors have
been developed with the capacity to prevent diabetic complications in animals,46 thereby
supporting the involvement of AR in diabetes-induced complications. One example is
minalrestat, which has been shown to correct diabetes-induced functional changes in the
behavior of microvessels in diabetic rats, probably by restoring NADPH levels and thereby
increasing NO production.57
Fidarestat is another AR inhibitor that has been shown to prevent oxidative stress, i.e. retinal
lipid peroxidation, and retinal overexpression of the vascular endothelial growth factor
(VEGF) in diabetic rats.58 Enhanced expression of the retinal VEGF is involved in the
pathogenesis of diabetic retinopathy. The inhibitor also prevents ROS generation in highglucose exposed culture bovine retinal pericytes by blocking sorbitol formation.59
11
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Degeneration of pericytes in retinal blood vessels also occurs in diabetic retinopathy. The
augmented ROS generation has been shown to depend on the conversion of sorbitol to
fructose mediated by SDH, the second enzyme of the polyol pathway.59
A third inhibitor, sorbinil, prevented kidney changes, cataract formation and nerve conduction
slowing in diabetic rats.46, 49 This inhibitor acts through the normalization of myo-inositol
levels.49 Sorbinil was the first AR inhibitor that was shown to be effective in humans,
managing to improve the nerve conduction velocities in diabetic patients.46 Another inhibitor
is zopolrestat, which partially restored the decreased expression of antioxidant genes in
human diabetics with nephropathy.60 Zopolrestat has no antioxidant activity of its own and is
believed to have the same ability as minalrestat to normalize the coenzyme imbalances caused
by increased flux through the polyol pathway.
1.5.6

Other pathways with the possibility to cause complications

The augmented polyol pathway flux represents one of the four main hypotheses suggesting
how hyperglycemia causes diabetic complications. The other three are increased advanced
glycation end-product (AGE) formation, activation of protein kinase C (PKC) isoforms and
increased hexosamine pathway flux.32 These four pathways are claimed to have in common
that they all reflect overproduction of superoxide by the mitochondrial electron-transport
chain.32, 61 However, other studies do not support this theory asserting that antioxidants are
incapable of suppressing the polyol pathway.47, 58 The oxidative stress that the pathways have
in common might instead occur downstream from the pathways instead of upstream.
Contradicting to the theory about enhanced PKC activity, it has been shown that polyol
pathway hyperactivity can elicit decreased PKC activity by depletion of myo-inositol, which
could contribute to diabetic neuropathy.6 In addition, diabetes-induced birth defects appear to
be associated with decreased PKC activity in the rat embryo.21 A link between AGE
formation and AR has also been suggested since accelerated formation and accumulation of
AGE have been indicated to activate the polyol pathway in human microvascular endothelial
cells.62
1.5.7

AR and diabetes-induced birth defects

An increased sorbitol accumulation in rat embryos of diabetic mothers10 and in rat embryos
cultured in a diabetic milieu22, 23 suggests that the flux through the polyol pathway is
enhanced in these embryos. However, administration of an AR inhibitor did not diminish the
rate of resorptions and malformations, despite succeeding in lowering the elevated sorbitol
levels.10, 23, 63, 64 On the other hand, the sorbitol levels were not completely normalized and
might still be able to induce malformations. In addition, the difficulty in producing inhibitors
specific for AR could explain the failure in abolishing the birth defects. Besides sorbitol
accumulation, depletion of myo-inositol is also a consequence of a hyperactive polyol
pathway and myo-inositol supplementation has indeed succeeded in decreasing the
malformation rate in rats.23, 64 Thus, the role of AR in the maldevelopment of embryos of
diabetic mothers needs to be investigated more in detail.
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Aim

The aim of this study was to elucidate the involvement of AR in diabetes-induced
malformations in rat. This was approached by measuring the enzyme activity of AR in female
and male embryos of diabetic and nondiabetic mothers. The expression of the AR gene was
also estimated by real-time PCR in whole embryos and more specific in hearts and in
mandibular-neck preparations of embryos cultured in normal or high glucose levels. Finally
the protein distribution in thin embryo sections was determined using immunohistochemistry.

3

Material and methods

3.1

Animals

3.1.1

Living conditions

The outbred rat strain SDU was maintained at a twelve hour ligth/dark cycle at a temperature
of 22°C. The rats had free access to commercial food pellets (AB Analycen, Lidköping,
Sweden) and tap water.
3.1.2

Induction of diabetes

Manifest diabetes (MD) was induced in female rats by an intravenous injection of 40 mg/kg
streptozotocin (STZ) (Pharmacia AB, Kalamazoo, MI, USA) one week prior to mating.
Serum glucose levels were measured in a Glucose Analyzer
2 (Beckman Instruments Inc., Fullerton, CA, USA) and the
Embryo
presence of a glucose level above 20 mM confirmed a
diabetic state.
3.1.3

Induction and course of pregnancy

Non-diabetic males and non-diabetic or diabetic females
were mated overnight for up to two weeks and the day
positiv vaginal smear was detected was denoted GD 0.
Pregnancy was terminated on GD 9, 10 or 11 by cesarean
section after the female had been killed by rapid cervical
dislocation. The intrauterine spheres of decidual tissue
containing embryos with their associating membranes were
dissected out and transferred to Petri dishes containing
saline.
3.1.4

Termination of pregnancy on day 9

The decidua was carefully removed from each embryo
under a stereomicroscope but the yolk sac, the principal
organ for the passage of nutrients to the rodent embryo,
was retained. Four to five embryos in their yolk sacs were
cultured together in a 50 ml Falcon culture tube in a roller
incubator at 60 rpm at 38°C for 24-48 hours, eliciting
embryos of GD 10 and 11. The culture medium consisted
of 80% immediately centrifuged rat serum and 20%
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saline in a total volume of 5 ml. The saline solution contained glucose (Apoteksbolaget AB,
Stockholm, Sweden) to give a finale concentration of 10 or 30 mM. The lower glucose
concentration represents a normal environment while the higher concentration represents a
diabetic milieu. Following the 24-48 hours of culture, the decidua and membranes were
carefully removed from each embryo and crown-rump length, number of somites and
developmental status were assessed under stereomicroscope. The individual embryos were
placed in Eppendorf tubes and rapidly frozen in liquid nitrogen prior to storage in -80°C.
3.1.5

Termination of pregnancy on day 10-11

The decidua and membranes were removed and the embryos were examined as above.
Individual embryos were placed in Eppendorf tubes, frozen in liquid nitrogen and stored in
-80°C. The yolk sac (GD 11) together with the ectoplacental cone (GD 10) were also saved
for sex determination if measurement of enzyme activity was planned for the embryo, see
below.
3.2

Enzyme activity

3.2.1

Sex determination assay

3.2.1.1 Preparation of DNA
Deoxyribonucleic acid (DNA) for the determination of sex of an embryo was prepared from
the yolk sac, since the whole embryo was used for the measurement of enzyme activity. For
the extraction of DNA representing embryos of GD 10 the ectoplacental cone was also used
in addition to the yolk sac (figure 3).
The DNA-preparation was started by adding 500 ml lysis buffer, containing 5 mM EDTA,
0.2 % SDS and 150 mM NaCl in 100 mM Tris buffer, pH 8.5, to the membrane. The
proteolytic enzyme proteinase K, 5 ml, was added and the sample was incubated at 55°C
overnight. The incubation was followed by a centrifugation at 13 000 rpm for 10 minutes and
the supernatant was mixed with 500 ml isopropanol to precipitate the DNA. After another
centrifugation at 13 000 rpm for 20 minutes, the pellet was left to dry before the addition of
25 ml TE-buffer, containing 0.1 mM EDTA in 10 mM Tris HCl buffer, pH 7.6. The DNApellet was dissolved in the TE-buffer at 37°C and then stored in -20°C, after the DNA content
had been measured. A Perkin Elmer MBA 2000 spectrophotometer was used for the
determination of DNA concentration in a total volume of 100 ml DNA, diluted 1:100 with
redistilled water. The DNA content was measured at a wavelength of 260 nm. The purity was
determined by the ratio of the absorption at the two wavelengths 260 nm and 280 mm, since
the absorption at 280 nm represents the protein content.
3.2.1.2 PCR amplification
To be able to determine the sex of an embryo a Y-chromosome-specific gene, SR-Y, was
amplified, and an autosomal gene, RNS, was used as a control. Polymerase chain reaction
(PCR) was carried out in 20/50 ml tubes in a PCR Express Hybaid in a total reaction mixture
of 10 ml containing 40 ng genomic DNA, 2.5 mM MgCl2, 2 mM dNTP, 10.2 mM forward and
reverse primers for SR-Y and RNS, 1 ml tween and 0.2 U Taq DNA polymerase. The
temperature and time parameters were as follow: an initial denaturing period of 10 min at
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Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

94°C, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 1 min and
extension at 72°C for 2 min. To ensure complete extension the PCR amplification was
finished by a final period of 7 min at 72°C. Redistilled water instead of DNA in the PCR
mixture was used as a negativ control and DNA from rats of known sex were used as positiv
controls. The PCR product was stored at 4 °C.
3.2.1.3 Electrophoresis
Electrophoresis in a 1% agarose gel was used to size separate the PCR-products. The
electrophoresis was performed at 120 V for one hour, in TBE buffer, pH 8.3, consisting of 89
mM boric acid and 2.5 mM EDTA in 89 mM Tris(hydroxymethyl)-aminomethane buffer. The
PCR-products in the gel were stained with ethidium bromide and visualized using an
ultraviolet (UV)-light table (UVP Inc., San Gabriel, CA, USA). Finally the gel was
photographed with a DC40 Camera and stored using the computer program Kodak Digital
Science 1D, Documentation and Analysis System for Machintosh (Kodak AB, Stockholm,
Sweden).
3.2.2

Enzyme activity assay

Instead of using glucose, which is a rather poor substrate for AR, DL-glyceraldehyde or
galactose was used to start the enzymatic reaction. Using DL-glyceraldehyde as the substrate
provides a measurement of the total aldo-keto reductase capacity of the embryo while the
formation of galactitol from galactose is more specific for AR.65 The exact AR activity is not
possible to determine because of the high resemblance in substrate specificity between the
members in the aldo-keto reductase superfamily.
Enzyme activity was measured according to Wu et al. (1993)65 with some modifications.
Two embryos of GD 11 or four embryos of GD 10, of the same sex, were pooled together and
homogenized in 495 ml ice-cold 100 mM sodium phosphate buffer, pH 6.3, together with 5 ml
protease inhibitor cocktail (P 2714, Sigma, Saint Louis, MO, USA). Of the homogenate, 75 ml
was added to a reaction mixture at 37°C, giving a final volume of 1500 ml, containing 0.4 M
ammonium sulphate and 0.2 mM NADPH in 5 mM sodium phosphate buffer. A
preincubation at 37°C for 20 minutes was followed by the addition of substrate to start the
reaction. Galactose was added to a final concentration of 200 mM and DL-glyceraldehyde to a
final concentration of 10 mM. The reaction was monitored by measuring the disappearance of
NADPH at 340 nm for 15 seconds, using a Beckman DU“-65 Spectrophotometer.
DL-Glyceraldehyde

AR

+ NADPH Æ Glycerol + NADP+

AR

Galactose + NADPH Æ Galactitol + NADP+
3.2.3

Protein assay

Protein content in the embryo homogenate was determined according to Lowry et al.
(1951)66. This method is based on the ability of divalent copper ions to bind to peptide
nitrogens under alkaline conditions. In the complex that is formed, the copper ion is reduced
to a monovalent ion. Together with the radical groups of the amino acids tyrosine, tryptophan
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and cysteine, the copper ion then reacts with Folin-Ciocalteau reagent and an unstable product
is formed. This product is reduced to molybdenum blue and the blue color is detected in a
spectrophotometer at 750 nm. To determine the protein concentration a standard curve was
needed, which was made from a dilution series with known concentrations of albumine.
3.2.4

Calculation of AR activity

For each sample, the average rate of disappearance of NADPH during the first 10 seconds
after addition of substrate was divided with the amount of protein. An average AR activity
was then calculated for embryos of GD 10 and 11, developed in a normal or a diabetic
environment (N10, MD10, N11, MD11). The MD11 embryos were further divided into
normal and malformed. A statistical t-test was performed to verify significant variations in
AR activity, using the computer program Microsoft Excel 98. The same program was used to
estimate standard deviations.
3.3

Gene expression

3.3.1

Total RNA extraction

Whole embryos, 4 hearts pooled together or 4 mandibular-neck preparations were used for
total RNA extraction. The embryos, GD 10 or 11, were either cultured in 10 or 30 mM
glucose or derived from normal or diabetic mothers. The specific tissues were dissected from
cultured embryos. Total RNA was precipitated from the samples according to the five first
steps in the RNeasy Mini Protocol for the Isolation of Total RNA from Animal Cells (RNeasy
Mini Handbook 03/97, QiaGEN, Merck, Eurolab). This protocol involves 1) harvesting, 2)
disruption and 3) homogenization of cells. The homogenization was performed by pipetting
lysate onto a QIAshredder column sitting in a collection tube followed by collection of the
homogenized lysate after centrifugation. The two remaining steps consisted of 4) addition of
ethanol to the lysate and 5) centrifugation of the homogenate in a RNeasy mini spin column
sitting in a collection tube. The column was then washed according to the RNase-Free DNase
Set Protocol (RNase-Free DNase Set Protocol 01/99, QiaGEN, Merck, Eurolab) and total
RNA was eluted from the column by the addition of two times 50 ml RNase-free water
followed by centrifugation. Finally, 1 ml of RNA guardTM RNase Inhibitor (Amersham
Biosciences, Uppsala, Sweden) was added to the total RNA sample. The RNA content was
determined with the Perkin Elmer MBA 2000 spectrophotometer at a wavelength of 260 nm,
using the same procedure as for the DNA measurement for sex determination (page 14).
3.3.2

cDNA synthesis

Reverse transcriptase (RT)-PCR was performed for the synthesis of complementary DNA
(cDNA) according to the protocol Procedure A: First-Strand cDNA Synthesis (Ready-ToGoTM You-Prime First-Strand Beads, Amersham Biosciences, Uppsala, Sweden). Briefly, 1
mg of total RNA was diluted in diethyl pyrocarbonate (DEPC)-treated water, heated at 65°C,
chilled on ice and transferred to a tube containing First-Strand Reaction Mix Beads. The FirstStrand cDNA Primer oligo (dT) was added followed by one hour incubation at 37°C to
complete the first-strand reaction. The cDNA was diluted threefold in DEPC-treated water.
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Real-time PCR

To analyze the AR mRNA levels, cDNA was amplified and measured with real-time PCR.
Amplification of glycerol-6-phosphate dehydrogenase (GPDH) was used for relative
quantification. The real-time PCR was preformed using a LightCycler kit in a LightCycler
real-time PCR-machine (Roche Diagnostics, Mannheim, Germany) with the program
LightCycler Run Version 5.32.
The real-time PCR was performed in a total volume of 10 ml containing 5.8 ml DEPC-treated
water, 0.3 mM MgCl2, 1.8 mM forward and reverse primers for AR or GPDH, 1 ml FastStart
DNA Master SYBR Green I and 1 ml cDNA, containing 10 ng of converted total RNA. The
FastStart DNA Master SYBR Green I was made by adding the FastStart Enzyme to the
FastStart Reaction Mix SYBR Green I, according to the manual (LightCycler – FastStart
DNA Master SYBR Green I, Instruction Manual, version 4, april 2000, Roche Molecular
Biochemicals, Mannheim, Germany).
The PCR program begun with a denaturation at 95°C for 10 minutes that was followed by 45
cycles of amplification. Each cycle consisted of a denaturation at 95 °C for 15 seconds, an
annealing at 43 °C for 10 seconds and an elongation at 72 °C for 15 seconds. As a negative
PCR-control, cDNA was exchanged for DEPC-water. To assure that DNA was not present in
the total RNA used for synthesis of cDNA, the cDNA was also exchanged for 10 ng of total
RNA as another type of negative control.
3.3.4

Calculation of AR expression

After the run, crossing points (Cp) for each sample were obtained from the LightCycler
Quantification Report. The Cp-values represent the number of cycles required to reach a
chosen amount of PCR-product. First, the difference between the Cp-values for AR and
GPDH was calculated (Cp AR - Cp GPDH) and these values were transferred to the formula
2-(Cp AR – Cp GPDH), to illustrate the different AR expressions in relation to GPDH expression.
The formula assumes that the amount of PCR-product approximately doubles with every
cycle. A LightCycler Melting Peaks Report was also studied to verify that the negative
controls did not contain any PCR-product. When calculating the average AR expression, Cpvalues from earlier investigations in the research group were added (Ejdesjö A, 2002). A t-test
along with an estimation of standard deviations was performed for the (Cp AR - Cp GPDH)values using Microsoft Excel 98.
3.4

Protein distribution

3.4.1

Embryo preservation and sectioning

Embryos were fixated in 4% paraformaldehyde (PFA) PBS for 24 hours to preserve
morphology without obscuring the AR epitopes. After fixation, they were immersed in
phosphate buffered saline (PBS) and in a series of graded ethanol solutions (25%, 50% and
75%), five minutes each. Finally, the embryos were stored in 75% ethanol until further use.
Before embedding the embryos in paraffin for the following sectioning and
immunohistochemistry, they were stained with eosin for one minute. Dehydration followed in
a series of graded ethanol solutions (80%, 95% and 99.5%) and the embryos were incubated
in xylene for one minute. Thereafter the embryos were covered with melted paraffin, 58°C,
17

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

overnight before the paraffin was allowed to become solid. The paraffin-embedded embryos
were mounted on paraffin blocks.
Embryo sections of 6 mm thickness were cut from the paraffin blocks on a microtome (Leitz,
Wetzlar, Germany) and put onto adhesive microscope slides (SuperFrost/Plus, Erie Scientific
Company, USA) with water. The slides were placed on a stretchboard (6002/6003, Histolab
products, Gothenburg, Sweden) at 40°C for a few minutes and then in an inculater at 30°C for
about three hours to allow the sections to stretch out and dry.
3.4.2

Immunohistochemistry

A two-step indirect staining method was used to localize
the AR antigens. This technique involves an unconjugated
primary antibody that binds to the antigen and an enzymelabeled secondary antibody that is directed towards the
primary antibody (figure 6).

Two-step indirect method
secondary
antibody
peroxidase

The paraffin sections were deparaffinized in xylene for two
primary
antibody
times 10 minutes and hydrated in a series of graded ethanol
solutions (99.5%, 95%, 80% and 70%), redistilled water,
and PBS, pH 7.2, for 5 minutes each. To uncover antigenic
sites by enzyme digestion, the embryo sections were
incubated with the proteolytic enzyme trypsin, 1%, in 0.1%
AR
calcium chloride, for 10 minutes. The sections were
thereafter washed in PBS for 5 followed by 10 minutes.
Figure 6. Immunohistochemistry using
Hydrogen peroxide, 1%, in redistilled water was used to
the two-step indirect staining method.
quench endogenous peroxidase. After another washing
procedure, nonspecific binding of the secondary antibody was blocked with 10% horse serum
for 45 minutes.
The polyclonal antibody specific for AR (ALR2 (P-20):sc-17735, SDS, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), raised in goat, was applied to the embryo
sections, 6 mg/ml in PBS, and the sections were incubated at 4°C overnight. A blocking
peptide (ALR2 (P-20):sc-17735 P, SDS, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), 60 mg/ml in PBS, was applied in addition to the antibody to one of the slides as a
control. After consecutive washing with PBS, the embryo sections were incubated at room
temperature for 30 minutes with a horseradish peroxidase-conjugated donkey anti-goat IgG
polymer (Jackson ImmunoResearch Laboratories, Inc., West Grow, PA, USA). Additional
washing was followed by incubation of the sections with diaminobenzidine
tetrahydrocholoride (DAB) and hydrogen peroxide for 10 minutes to visualize the AR signals
(brownish color). The sections were washed with redistilled water and immersed in
hematoxylin for less than a second for counter staining (bluish color). After washing in tap
water and dehydration in a series of solutions with increasing concentrations of ethanol (70%,
80%, 95% and 99.5%), the sections were mounted with cover glasses and glycerol gelatin.
3.4.3

Analysis of protein distribution

The embryo sections were analyzed under microscope to determine the AR protein location in
the different types of embryos. Finally, some sections were photographed using the computer
program Openlab 3.0.4. (figure 9-12).
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The disappearance of the cofactor NADPH was measured on a spectrophotometer when
substrate had been added to the embryo homogenate. This value was divided with the protein
content to receive the enzyme activity of AR in each type of embryo (figure 7).
When using galactose as the substrate the enzyme activity was higher than when using DLglyceraldehyde and this is due to the fact that galactose is a more specific substrate for AR
than DL-glyceraldehyde.
malformed
n=2

n=1

n=4

n=5

n=2

12

Galactose
DL-Glyceraldehyde

10
8

*

6
4

*

2
0

N10

MD10

N11

n=2

n=1

n=4

MD11
MD11
normal malformed
n=5

n=2

Figure 7. Enzyme activity of AR in embryos of GD 10 or 11 developed in a normal or a diabetic environment
(N10, N11, MD10 and MD11). MD11 embryos are further divided into normal and malformed. Galactose or
DL-glyceraldehyde was used as substrates. * P < 0.05 versus normal embryos of the same gestational age.

Comparing embryos of GD 10 subjected to a normal and a diabetic environment (N10 and
MD10) the activity appeared to be much higher in MD10 than in N10 embryos.
Unfortunately, no statistical test for significance could be performed since only one
measurement of activity in MD10 embryos was available, due to lack of material. However an
increase in activity with P < 0.05 was seen in malformed embryos of GD 11 developed in a
diabetic environment (MD11) compared to normal embryos of the same gestational age
grown in a normal milieu (N11). Interestingly, normal MD11 embryos did not show any
visible change in activity compared to N11 embryos. In this study, all malformed MD11
embryos were females and it remains to be determined if the activity is enhanced in male
MD11 embryos as well.
A tendency of a higher AR activity in N10 embryos compared to N11 embryos and in MD10
embryos in comparison with MD11 was also observed.
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Gene expression

Total RNA was extracted from embryos of GD 10 and 11 derived from non-diabetic and
diabetic rats (N10, N11, MD10 and MD11) and from cultures in 10 or 30 mM glucose
(10G10, 10G11, 30G10 and 30G11). Of the cultured embryos RNA was also extracted
specifically from heart and mandibular-neck preparations, since malformations are known to
occur in these tissues. From the total RNA, cDNA was synthesized and real-time PCR was
performed, amplifying AR and GPDH, a housekeeping gene. Cp-values for the different
embryo types were received from the real-time PCR results and these values were transferred
to the formula 2-(Cp AR – Cp GPDH), which illustrates the different AR expressions in relation to
GPDH expression (figure 8).

8,00
6,00

*

2^(-(Cp AR – Cp GPDH))
Cp AR – Cp GPDH

4,00
2,00
0,00
-2,00
-4,00

N11
MD10
n=5 n=6 n=7
N10

10G10

MD11
n=7

30G10
n=8 n=7

10G11
n=6

30G11
n=8

Figure 8. Gene expression of AR in embryos of GD 10 or 11 developed in normal or diabetic mothers (N10,
N11, MD10 and MD11) or in a culture with 10 or 30 mM glucose (10G10, 10G11, 30G10 and 30G11). The
upwards going bars represent the AR expression in relation to GPDH expression, while the downwards going
bars illustrate the differences in Cp-values between AR and GPDH. * P < 0.05 versus embryos of the same
gestational age developed in normal glucose concentration.

There was no difference between the AR gene expressions in N10, MD10, N11 and MD11
embryos. However, a tendency towards higher expression in MD10 and N11 compared to
N10 and MD11 embryos was noticed. The same tendency was observed in the expression in
the mandibular-neck preparations (data not shown). Studying the bars for cultured whole
embryos, the expression was markedly enhanced, P < 0.05, in embryos of GD 10 developed
in high glucose medium compared to GD 10 embryos subjected to normal glucose
concentration. As in the case with the expression in N11 and MD11 embryos the expression
seemed to decrease in embryos of GD 11 developed in 30 mM glucose in comparison to those
grown in 10 mM. In the heart of cultured embryos the gene expression of AR did not differ,
although a slight decrease in expression in embryos of GD 11 compared to those of GD 10
was observed (data not shown).
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Protein distribution

Embryos of GD 10 and 11 subjected to a normal or a diabetic environment (N10, N11, MD10
and MD11) were embedded in paraffin and cut in thin sections. The sections, placed on
microscope slides, were immunohistochemically stained using a two-step indirect method to
identify the AR protein locations (figure 9-12).
In embryos of GD 10 there was a clear difference in the amount of AR protein between the
embryos developed in a normal environment compared to those grown in a diabetic milieu. In
the MD10 embryos it was impossible to analyze the protein distribution in detail, since the
whole embryos were stained for AR, while almost no AR was found in the N10 embryos.
In N11 embryos there was even less detectable AR than in N10 embryos. However, in MD11
embryos the amount of protein was higher than in N10 and N11 embryos and it was located in
the heart, the mandible and in the somites along the back of the embryo.

Figure 10. Embryo from diabetic mother GD 10.
Figure 9. Embryo from normal mother GD 10.

Figure 12. Embryo from diabetic mother GD 11.
Figure 11. Embryo from normal mother GD 11.
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Discussion

The aim of this study was to investigate the role of AR in diabetes-induced malformations in a
rat model of diabetic embryopathy. This was accomplished by studying the enzyme activity,
the gene expression, as well as the protein distribution in embryos of GD 10 and 11 developed
in a normal or a diabetic milieu.
Concerning the enzyme activity of AR, there was a tendency towards higher activity in
embryos of GD 10 developed in a normal respectively diabetic environment compared to
embryos of GD 11 grown in the corresponding milieus. This suggests that the role of AR
might be more pronounced in GD 10 compared to GD 11.
An interesting finding was that the activity in malformed embryos of GD11 developed in a
diabetic environment was enhanced compared to normal embryos of the same gestational age
subjected to both a normal and a diabetic milieu. This supports earlier studies showing that
the genotype of the fetus could be decisive for the occurrence of malformations.17, 24 Due to
the differences in enzyme activity, one important genetic distinction between normal and
malformed embryos could be located in or in close proximity to the AR gene. If that is the
case, the theory that polymorphisms in the AR gene could be responsible for increased
susceptibility to diabetic complications,31, 36, 37 might be applied to diabetes-induced birth
defects as well. On the other hand, it is of course also possible that the malformations
themselves induce the increased AR activity. Unfortunately, it is difficult to observe
malformations in embryos of GD 10 and for that reason the embryos of that age developed in
a diabetic milieu were not divided into normal and malformed.
The gene expression of AR was almost the same in all embryos derived from both normal and
diabetic rats. If there exists a genetic difference in the AR gene causing susceptibility to
diabetes-induced malformations, it would then not elicit increased expression, rather
enhanced enzyme activity or improved survival of the AR protein. However, an enhanced
expression was observed in embryos of GD 10 cultured in 30 mM glucose compared to those
cultured in 10 mM. This was probably due to the immediate transition from a normal
environment in vivo to a high glucose milieu in vitro. An explanation to why this increase in
expression was not observed in embryos subjected to a diabetic environment in vivo would be
that the embryos had been accustomed to the high glucose concentrations. Supporting this
hypothesis, no change in expression was observed between embryos of GD 11 cultured in a
normal and a diabetic environment. However, when studying the gene expression in hearts
and mandibular-neck preparations derived from cultured embryos no change in expression
between embryos from a normal and a diabetic milieu was observed. This indicates that there
are other tissues in the embryo where the AR expression is more susceptible to sudden
increase in glucose concentrations.
All the expression data is based on the theory that the expression of the gene GPDH is not
affected by a diabetic surrounding but it might be interesting to use another housekeeping
gene to determine if the expression pattern of AR is solid.
Larger amounts of AR protein were found in embryos derived from a diabetic mother
compared to those developed in a normal environment. In addition, embryos of GD 10
showed greater protein content than embryos of GD 11. This is in accordance with the results
from the measurement of enzyme activity, where the same pattern was observed.
Unfortunately the stained embryo sections were not of that quality that it was possible to
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determine if the embryos developed in a diabetic environment were malformed or not.
However, if that was the case, the increased protein quantity in embryos derived from diabetic
mothers would favor the hypothesis that a polymorphism in the AR gene gives rise to a larger
amount of protein, not by increasing the gene expression but by enhancing the protein
stability. The increased protein quantity would then be responsible for the enhanced enzyme
activity.
In embryos of GD 11 developed in a diabetic milieu it was possible to determine the protein
distribution and interestingly the largest amount of AR protein was located in tissues known
to be susceptible to maldevelopment.
In conclusion, there are clear differences in AR activity and distribution between embryos
subjected to a normal compared to a diabetic environment. More interestingly, the data show
an increased enzyme activity in malformed embryos compared to normal when studying
embryos developed in a diabetic environment. One hypothesis is that genetic differences in
the AR gene are responsible for these disparities, plausibly acting by increasing the protein
survival and thereby the total enzymatic capacity.

6

Acknowledgements

I would like to express my greatest thanks to my supervisor Professor Ulf Eriksson for giving
me the opportunity to perform my degree project in His research group. I am very grateful for
His guidance and encouragement. I also own a great gratitude to Lisbeth Sagulin and Göran
Mattson for sharing Their theoretical and practical research skills. Many thanks are addressed
to Mattias Gäreskog and Andreas Ejdesjö for always being there to solve a problem or to
make me laugh. Finally, I thank Professor Leif Jansson for reviewing my report and all the
other people working at the Department of medical cell biology in corridor B1:3 and D1:3 at
BMC for contributing to a nice and warm atmosphere.

7

References

1. Hellerström C (1992) Diabetes, forskning om en folksjukdom, andra upplagan.
Medicinska forskningsrådet, Landströms trycksaker, Lidköping.
2. Rang HP, Dale MM, Ritter JM (1999) Pharmacology, fourth edition. Churchill
Livingstone, Edinburgh.
3. Gabbay KH (1973) The sorbitol pathway and the complications of diabetes. N. Engl. J.
Med. 288(16):831-836.
4. Yabe-Nishimura C (1998) Aldose reductase in glucose toxicity: a potential target for the
prevention of diabetic complications. Pharmacol. Rev. 50(1):21-33.
5. Ramana KV, Chandra D, Srivastava S, Bhatnagar A, Srivastava SK (2003) Nitric oxide
regulates the polyol pathway of glucose metabolism in vascular smooth muscle cells.
FASEB J. 17:417-425.

23

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

6. Kamiya H, Nakamura J, Hamada Y, Nakashima E, Naruse K, Kato K, Yasuda Y, Hotta N
(2003) Polyol pathway and protein kinase C activity of rat Schwannoma cells. Diabetes
Metab. Res. Rev. 19:131-139.
7. Oishi N, Kubo E, Takamura Y, Maekawa K, Tanimoto T, Akagi Y (2002) Correlation
between erythrocyte aldose reductase level and human diabetic retinopathy. Br J
Ophthalmol 86:1363-1366.
8. Heesom AE, Millward A, Demaine AG (1998) Susceptibility to diabetic neuropathy in
patients with insulin dependent diabetes mellitus is associated with polymorphism at the
5’ end of the aldose reductase gene. J Neurol Neurosurg Psychiatry 64:213-216.
9. Mills JL (1982) Malformations in infants of diabetic mothers. Teratology 25:385-394.
10. Eriksson UJ, Naeser P, Brolin SE (1986) Increased accumulation of sorbitol in offspring
of manifest diabetic rats. Diabetes 35:1356-1363.
11. Casson IF, Clarke CA, Howard CV, McKendrick O, Pennycook S, Pharoah POD, Platt
MJ, Stanisstreet M, van Velszen D, Walkinshaw S (1997) Outcomes of pregnancy in
insulin dependent diabetic women: results of a five year population cohort study. Br. Med.
J. 315:275-278.
12. Mills JL, Baker L, Goldman AS (1979) Malformations in infants of diabetic mothers
occur before the seventh gestational week: implications for treatment. Diabetes 28:292293.
13. Lee AT, Reis D, Eriksson UJ (1999) Hyperglycemia-induced embryonic
dysmorphogenesis correlates with genomic DNA mutation frequency in vitro and in vivo.
Diabetes 48:371-376.
14. Schaefer UM, Songster G, Xiang A, Berkowitz K, Buchanan TA, Kjos SL (1997)
Congenital malformations in offspring of women with hyperglycemia first detected during
pregnancy. Obstet. Gynecol. 177:1165-1171.
15. Simán CM., Gittenberger-De Groot AC, Wisse B, Eriksson UJ (2000) Malformations in
offspring of diabetic rats: morphometric analysis of neural crest-derived organs and
effects of maternal vitamin E treatment. Teratology 61:355-367.
16. Eriksson U, Dahlström E, Larsson KS, Hellerström C (1982) Increased incidence of
congenital malformations in the offspring of diabetic rats and their prevention by
maternal insulin therapy. Diabetes 31:1-6.
17. Eriksson UJ, Borg LAH, Cederberg J, Nordstrand H, Simán CM, Wentzel C, Wentzel P
(2000) Pathogenesis of diabetes-induced congenital malformations. Uppsala J. Med. Sci.
105(2):53-84.
18. Sadler TW, Horton WE JR. (1983) Effects of maternal diabetes of early embryogenesis:
the role of insulin and insulin therapy. Diabetes 32:1070-1074.

24

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

19. Styrud J, Thunberg L, Nybacka O, Eriksson UJ (1995) Correlations between maternal
metabolism and deranged development in the offspring of normal and diabetic rats.
Peditr. Res. 37(3):343-353.
20. Eriksson UJ, Simán CM (1996) Pregnant diabetic rats fed the antioxidant butylated
hydroxytoluene show decreased occurrence of malformations in offspring. Diabetes
45:1497-1502.
21. Wentzel P, Wentzel CR, Gäreskog MB, Eriksson UJ (2001) Induction of embryonic
dysmorphogenesis by high glucose concentration, disturbed inositol metabolism, and
inhibited protein kinase C activity. Teratology 63:193-201.
22. Sussman I, Matschinsky FM (1988) Diabetes affects sorbitol and myo-inositol levels of
neuroectodermal tissue during embryogenesis in rat. Diabetes 37:974-981.
23. Hashimoto M, Akazawa S, Akazawa M, Akashi M, Yamamoto H, Maeda Y, Yamaguchi
Y, Yamasaki H, Tahara D, Nakanishi T, Nagataki S (1990) Effects of hyperglycaemia on
sorbitol and myo-inositol contents of cultured embryos: treatment with aldose reductase
inhibitor and myo-inositol supplementation. Diabetologia 33:597-602.
24. Eriksson UJ (1988) Importance of genetic predisposition and maternal environment for
the occurrence of congenital malformations in offspring of diabetic rats. Teratology
37:365-374.
25. Eriksson RSM, Thunberg L, Eriksson UJ (1989) Effects of interrupted insulin treatment
on fetal outcome of pregnant diabetic rats. Diabetes 38:764-772.
26. Flynn TG (1982) Aldehyde reductases: monomeric NADPH-dependent oxidoreductases
with multifunctional potential. Biochem. Pharmacol. 31(17):2705-2712.
27. Wermuth B (1985) Aldo-keto reductases. Prog. Clin. Biol. Res. 174:209-230.
28. Jez JM, Bennett MJ, Schlegel BP, Lewis M, Penning TM (1997) Comparative anatomy
of the aldo-keto reductase superfamily. Biochem. J. 326:625-636.
29. Wilson DK, Bothre KM, Gabbay KH, Quiocho FA (1992) An unlike sugar substrate site
in the 1.65 Å structure of the human aldose reductase holoenzyme implicated in diabetic
complications. Science 257:81-84.
30. Kinoshita JH (1990) A thirty year journey in the polyol pathway. Exp. Eye. Res. 50:567573.
31. Ko BC-B, Lam KS-L, Wat NM-S, Chung SS-M (1995) An (A-C)n dinucleotide repeat
polymorphic marker at the 5’end of the aldose reductase gene is associated with earlyonset diabetic retinopathy in NIDDM patients. Diabetes 44:727-732.
32. Brownlee M (2001) Biochemistry and molecular cell biology of diabetic complications.
Nature 414:813-820.

25

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

33. Gonzalez RG, Barnett P, Aguayo J, Cheng HM, Chylack LT Jr. (1984) Direct
measurement of polyol pathway activity in the ocular lens. Diabetes 33(2):196-199.
34. Kubo E, Maekawa K, Tanimoto T, Fujisawa S, Akagi Y (2001) Biochemical and
morphological changes during development of sugar cataract in otsuka long-evans
tokushima fatty (OLETF) rat. Exp. Eye Res. 73:375-381.
35. Graham C, Szpirer C, Levan G, Carper D (1991) Characterization of the aldose
reductase-encoding gene family in rat. Gene 107:259-267.
36. Heesom AE, Hibberd ML, Millward A, Demaine AG (1997) Polymorphism in the 5’-end
of the aldose reductase gene is strongly associated with the development of diabetic
nephropathy in type I diabetes. Diabetes 46:287-291.
37. Kao YL, Donaghue K, Chan A, Knight J, Silink M (1999) A novel polymorphism in the
aldose reductase gene promotor region is strongly associated with diabetic retinopathy in
adolescents with type 1 diabetes. Diabetes 48:1338-1340.
38. Liu YF, Wat NMS, Chung SSM, Ko BCB, Lam KSL (2002) Diabetic nephropathy is
associated with the 5’-end dinucleotide repeat polymorphism of the aldose reductase gene
in Chinese subjects with type 2 diabets. Diabet. Med. 19:113-118.
39. Moczulski DK, Scott L, Antonellis A, Rogus JJ, Rich SS, Warram JH, Krolewski AS
(2000) Aldose reductase gene polymorphism and susceptibility to diabetic nephropathy in
type 1 diabetes mellitus. Diabet. Med. 17:111-118.
40. Neamat-Allah M, Feeney SA, Savage DA, Maxwell AP, Hanson RL, Knowler WC, El
Nahas AM, Plater ME, Shaw J, Boulton AJM, Duff GW, Cox A (2001) Analysis of the
association between diabetic nephropathy and polymorphisms in the aldose reductase
gene in type 1 and type 2 diabetes mellitus. Diabet. Med. 18:906-914.
41. Park HK, Ahn CW, Lee GT, Kim SJ, Song YD, Lim SK, Kim KR, Huh KB, Lee HC
(2002) (AC)n polymorphism of aldose reductase gene and diabetic microvascular
complications in type 2 diabetes mellitus. Diabetes Res. Clin. Pract. 55:151-157.
42. Hamada Y, Kitoh R, Raskin P (1993) Association of erythrocyte aldose reductase activity
with diabetic complications in type 1 diabetes mellitus. Diabetic Med. 10:33-38.
43. Hodgkinson AD, Søndergaard KL, Yang B, Cross DF, Millward BA, Demaine AG (2001)
Aldose reductase expression is induced by hyperglycemia in diabetic nephropathy.
Kidney Int. 60:211-218.
44. Shah VO, Scavini M, Nikolic J, Sun Y, Vai S, Griffith JK, Dorin RI, Stidley C, Yacoub
M, Vander Jagt DL, Eaton RP, Zager PG (1998) Z-2 microsatellite allele is linked to
increased expression of the aldose reductase gene in diabetic nephropathy. J. Clin.
Endocrinol. Metab. 83(8):2886-2891.
45. Clements RS Jr. (1986) The polyol pathway: a historical review. Drugs 32(Suppl. 2):3-5.

26

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

46. Kinoshita JH, Nishimura C (1988) The involvement of aldose reductase in diabetic
complications. Diabetes Metab. Rev. 4(4):323-337.
47. Obrosova IG, Stevens MJ (1999) Effect of dietary taurine supplementation on GSH and
NAD(P)-redox status, lipid peroxidation, and energy metabolism in diabetic
precataractous lens. Invest. Ophthalmol. Vis. Sci. 40:680-688.
48. MacGregor LC, Matschinsky FM (1986) Experimental diabetes mellitus impairs the
function of the retinal pigmented epithelium. Metabolism 35(4):28-34.
49. Greene DA, Lattimer SA (1984) Action of sorbinil in diabetic peripheral nerve,
relationship of polyol (sorbitol) pathway inhibition to a myo-inositol-mediated defect in
sodium-potassium ATPase activity. Diabetes 33:712-716.
50. Winegrad AI (1987) Banting lecture 1986: Does a common mechanism induce the diverse
complications of diabetes? Diabetes 36:396-406.
51. Williamson JR, Chang K, Frangos M, Hasan KS, Ido Y, Kawamura T, Nyengaard JR,
Van den Eden M, Kilo C, Tilton RG (1993) Hyperglycemic pseudohypoxia and diabetic
complications. Diabetes 42:801-813.
52. Lee AYW, Chung SSM (1999) Contribution of polyol pathway to oxidative stress in
diabetic cataract. FASEB J. 13:23-30.
53. Cameron NE, Cotter MA, Dines KC, Maxfield EK (1993) Pharmacological manipulation
of vascular endothelium function in non-diabetic and streptozotocin-diabetic rats: effect
on nerve conduction, hypoxic resistance and endoneurial capillarization. Diabetologia
36(6):516-522.
54. Stevens MJ, Dananberg J, Feldman EL, Lttimer SA, Kamijo M, Thomas TP, Shindo H,
Sima AA, Greene DA (1994) The linked roles of nitric oxide, aldose reductase and, (Na+,
K+)-ATPase in the slowing of nerve conduction in the streptozotocin diabetic rat. J. Clin.
Invest. 94(2):853-859.
55. Gupta S, Chough E, Daley J, Oates P, Tornheim K, Ruderman NB, Keaney JF JR. (2002)
Hyperglycemia increases endothelial superoxide that impairs smooth muscle cell Na+-K+ATPase activity. Am. J. Phyiol. Cell Physiol. 282:C560-C566.
56. Hedge KR, Henein MG, Varma SD (2003) Establishment of mouse as an animal model
for study of diabetic cataracts: biochemical studies. Diabetes, Obesity and Metabolism
5:113-119.
57. Akamine EH, Hohman TC, Nigro D, Carvalho MHC, De Cássia Tostes R, Fortes ZB
(2003) Minalrestat, an aldose reductase inhibitor, corrects the impaired microvascular
reactivity in diabetes. J. Pharmacol. Exp. Ther. 304(3):1236-1242.
58. Obrosova IG, Minchenko AG, Vasupuram R, White L, Abatan OI, Kumagai AK, Frank
RN, Stevens MJ (2003) Aldose reductas inhibitor fidarestat prevents retinal oxidative
stress and vascular endothelial growth factor overexpression in streptozotocin-diabetic
rats. Diabetes 52:864-871.
27

Aldose reductase in relation to diabetes-induced embryopathy in rats

Lisa Kvist Wadman

59. Amano S, Yamagishi S, Kato N, Inagaki Y, Okamoto T, Makino M, Taniko K, Hirooka
H, Jomori T, Takeuchi M (2002) Sorbitol dehydrogenase overexpression potentiates
glucose toxicity to cultured retinal pericytes. Biochem. Biophys. Res. Commun. 299:183188.
60. Hodgkinson AD, Bartlett T, Oates PJ, Millward BA, Demaine AG (2003) The response of
antioxidant genes to hyperglycemia is abnormal in patients with type 1 diabetes and
diabeteic nephropathy. Diabetes 52:846-851.
61. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, Yorek MA,
Beebe D, Oates PJ, Hammes H-P, Giardino I, Brownlee M (2000) Normalizing
mitochondrial superoxide production blocks three pathways of hyperglycaemic damage.
Nature 404:787-790.
62. Nakamura N, Obayashi H, Fuji M, Fukui M, Yoshimori K, Ogata M, Hasegawa G,
Shigeta H, Kitagawa Y, Yoshikawa T, Kondo M, Ohta M, Nishimura M, Nishinaka T,
Nishimura CY (2000) Induction of aldose reductase in cultured human microvascular
endothelial cells by advanced glycation end products. Free Radic. Biol. Med. 29(1):17-25.
63. Eriksson UJ, Brolin SE, Naeser P (1989) Influence of sorbitol accumulation on growth
and development of embryos cultured in elevated levels of glucose and fructose. Diabetes
Res. 11:27-32.
64. Hod M, Star S, Passonneau JV, Unterman TG, Freinkel N (1991) Effect of hyperglycemia
on sorbitol and myo-inositol content of cultured rat conceptus: prevention of
dysmorphogenesis with aldose reductase inhibitors and myo-inositol. J. Prenat. Med.
19(Suppl. 1):370-375.
65. Wu RW, Lyons PA, Wang A, Sainsbury AJ, Chung S, Palmer TN (1993) Effects of
Galactose Feeding on Aldose Reductase. Gene Expression. J. Clin. Invest. 92:155-159.
66. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurements with the
Folin phenol reagent. J. Biol. Chem. 193:265-275.

8

Study litterature

Bergmeyer HU, Gruber W, Gutmann I. D-Sorbitol. In: Bergmeyer HU, ed. Methods of
Enzymatic Analysis 2nd ed, vol 3. Verlag Chemie Weinheim; 1974; 1323-1330.
Bergmeyer HU, ed. Sorbitol Dehydrogenase (Polyol Dehydrogenase). Methods of Enzymatic
Analysis, 2nd ed, vol 1. Verlag Chemie Weinheim; 1974; 512-513.
Beutler HO. D-Sorbitol. In: Bergmeyer HU, ed. Methods of Enzymatic Analysis, 3rd ed, vol
VI, Metabolites 1:Carbohydrates. Verlag Chemie Weinheim; 1984; 356-362.
Bergmeyer HU, ed. Sorbitol Dehydrogenase (Polyol Dehydrogenase). Methods of Enzymatic
Analysis, 3rd ed, vol II, Samples, Reagents, Assessment of Results. Verlag Chemie Weinheim;
1983; 309-310.

28

Aldose reductase in relation to diabetes-induced embryopathy in rats

9

Lisa Kvist Wadman

English-Swedish medical dictionary

adrenal medulla

binjuremärgen

cataract

starr, grumling av ögats lins

caudal regression

underutvecklad underkropp

central nervous system

centrala nervsystemet: hjärnnerverna, ryggmärgsnerverna och
deras förbindelser med de autonoma ganglierna

cesarean section

kejsarsnitt

cervical dislocation

brott i ryggmärgen i nivå med halsryggen

congential

medfödd

cornea

hornhinna

decidua

livmoderslemhinna

diuresis

ökad urinutsöndring

etiology

sjukdomsorsak

gestation

graviditet

hypoplastic

felaktig utveckling av kroppsdel

hypoxia

syrebrist

intrauterine

inne i livmodern

mandible

underkäke

pancreas

bukspottkörtel

parathyroid glands

bisköldkörtlar, två på var sida om strupen bakom sköldkörteln

pathology

sjukdomslära

pericyte

pericyter, celler i kapillärväggens yttre lager

peripheral nervous system

perifera nervsystemet: nervbanor och ganglier utanför
hjärnan, förlängda märgen och ryggmärgen

placenta

moderkaka

renal glomerulus

den del av njuren där blodet filtreras
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renal medulla

njurmärgen

retina

näthinna

saline

koksaltlösning

septum

skiljevägg

somites

somiter, längs ryggsträngen, utgör embryots segmentering,
bildar kotor och muskler

stillborn

dödfödd

teratogen

fosterskadande

thymus

brässen, organ bakom bröstbenet med immunologiska
funktioner

thyroid gland

sköldkörteln, under struphuvudet på halsens framsida
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