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Abstract
Aldose reductase (AKR1B1), which catalyzes the reduction of glucose to sorbitol and lipid
aldehydes to lipid alcohols, has been shown to be involved in secondary diabetic complications
including cataractogenesis. Rats have high levels of AKR1B1 in lenses and readily develop
diabetic cataracts, whereas mice have very low levels of AKR1B1 in their lenses and are not
susceptible to hyperglycemic cataracts. Studies with transgenic mice that over-express AKR1B1
indicate that it is the key protein for the development of diabetic complications including diabetic
cataract. However, no such studies were performed in genetically altered AKR1B1 rats. Hence, we
developed siRNA-based AKR1B1 knockdown rats (ARKO) using the AKR1B1-siRNA-pSuper
vector construct. Genotyping analysis suggested that more than 90% of AKR1B1 was knocked
down in the littermates. Interestingly, all the male animals were born dead and only 3 female rats
survived. Furthermore, all 3 female animals were not able to give birth to F1 generation. Hence,
we could not establish an AKR1B1 rat knockdown colony. However, we examined the effect of
AKR1B1 knockdown on sugar-induced lens opacification in ex vivo. Our results indicate that rat
lenses obtained from AKR1B1 knockdown rats were resistant to high glucose–induced lens
opacification as compared to wild-type (WT) rat lenses. Biochemical analysis of lens homogenates
showed that the AKR1B1 activity and sorbitol levels were significantly lower in sugar-treated
AKR1B1 knockdown rat lenses as compared to WT rat lenses treated with 50 mM glucose. Our
results thus confirmed the significance of AKR1B1 in the mediation of sugar-induced lens
opacification and indicate the use of AKR1B1 inhibitors in the prevention of cataractogenesis.
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1. Introduction
Aldose reductase (AKR1B1), a member of the aldo-keto-reductase superfamily of proteins,
catalyzes the first and rate-limiting step of the polyol pathway of glucose metabolism.
AKR1B1 was initially discovered in seminal vesicles and has been shown to play a central
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role in the maintenance of cellular osmoregulation [1]. During hyperglycemia the
accelerated flux of sorbitol through the polyol pathway and enhanced oxidative stress are
implicated in the pathogenesis of secondary diabetic complications, such as
cataractogenesis, retinopathy, neuropathy, nephropathy, and cardiovascular complications
[2-6]. This view is supported by the observations that AKR1B1 inhibitors ameliorate several
pleiotropic complications of diabetes, at least in experimental animal models [7-9].
Furthermore, lens-specific over-expression of AKR1B1 in transgenic mice accelerates sugar
cataract, suggesting that AKR1B1 is involved in the diabetic cataractogenesis [10].
Nonetheless, the clinical utility of AKR1B1 inhibitors remains uncertain. The possible
reasons behind these uncertainties are an increased polyol pathway that alters the NADPH/
NADP ratio and attenuates the glutathione reductase (GR) and glutathione peroxidase
system, thereby decreasing the ratio of reduced glutathione (GSH) to oxidized glutathione
(GSSG) and causing oxidative stress [2,11]. Furthermore, increased reactive oxygen species
(ROS) along with elevated levels of lipid peroxidation products such as α-β-unsaturated
lipid aldehyde, 4-hydroxy-trans-nonenal, that cause cellular toxicity are considered to be the
intriguing contributor to various diseases including secondary diabetic complications [6].
Indeed, our previous studies indicate that antioxidants such as 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) and butylated hydroxytoluene could prevent
sugar–induced lens opacification without affecting sorbitol levels [6,12-15]. These studies
suggest that oxidative stress plays a major role in sugar-induced cataract formation.
However, it is not clear how hyperglycemia causes oxidative stress. It has been suggested
that increased blood glucose could increase oxidative stress by autooxidation. Furthermore,
in diabetic lenses, loss of cellular glutathione (GSH) could increase membrane lipid
peroxidation which would contribute to oxidative stress [6]. Interestingly, treatment with
AKR1B1 inhibitors restored the cellular GSH levels and prevented lipid peroxidation
indicating that inhibition of AKR1B1 could prevent hyperglycemia–induced oxidative
stress. Previous studies using normal rats, dogs and mice have identified that AKR1B1
inhibitors are potential drugs to prevent high glucose- and galactose-induced cataracts [6].
However, the physiological importance of AKR1B1 in diabetic cataracts is not clearly
known. Studies using lens specific over-expression of AKR1B1 in mice indicated a
definitive role of AKR1B1 in sugar cataracts [10]. However, the physiological levels of
AKR1B1 are higher in the lenses of rats as compared to mice, and these high levels of
AKR1B1 presumably makes rats more prone to diabetic cataractogenesis [16]. Furthermore,
the significance of AKR1B1 in the development of diabetic complications has been
supported by studies using genetically altered mice [17,18]. Since no such studies were
performed in rats, in the present study we developed siRNA-based AKR1B1 knockdown
rats and examined their lenses for hyperglycemia-induced cataractogenesis.

2. Methods
2.1. Plasmid construction

Two oligonucleotides containing sense and antisense 19 nucleotide (nt) sequences from the
AKR1B1 coding region, a 9 nt spacer sequence which provides a loop structure, and a
transcription termination signal of five thymidines were designed with forward and reverse
sequences and subcloned between BglII and HindIII restriction sites downstream of the H1
promoter (pH1/ AKR1B1-siRNA; Fig. 1). Recombinant AKR1B1-siRNA pSuper.gfp/neo
was transformed into E. coli (DH5α) cells. Ampicillin resistant E. coli positive AKR1B1-
siRNA pSuper.gfp/neo clones, which yielded 287 bp fragments upon digestion with EcoRI
and HindIII were selected and the presence of AKR1B1-siRNA sequence was further
confirmed by DNA sequencing.
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2.2. Animals, DNA injection and genotype analysis
The AKR1B1 knockdown rats (Fischer-344) were developed as custom services at the
University of Texas Health Science Center, Transgenic core facility, San Antonio, USA.
The fragment with human H1 promoter AKR1B1-siRNA obtained after digesting
recombinant AKR1B1-siRNA pSuper with EcoRI and HindIII, was injected into the
pronuclear stage of fertilized rat embryos. The healthy embryos (14-20/rat) were
immediately implanted into pseudo pregnant animals to generate transgenic AKR1B1
knockdown rats. Genotyping of rat pups was performed with tail DNA by PCR using human
H1 promoter primers.

2.3. RT-PCR and Western blot analysis of AKR1B1
Total RNA from rat thoracic muscle tissue was isolated by using RNeasy kit (Qiagen) as per
supplier's instructions. Aliquots of RNA (1.0 μg) isolated from each sample were reverse
transcribed with Omniscript and Sensiscript reverse transcriptase one-Step RT-PCR system
with HotStarTaq DNA polymerase (Qiagen) at 55 °C for 30 min followed by PCR
amplification. The oligonucleotide primer sequences were as follows: AKR1B1 (f)
ACTGCCATTGCAAAGGCATCGTGGT and AKR1B1 (r)
CCCCCATAGGACTGGAGTTCTAAGC, 5’-TGAGACCTTCAACACCCCAG-3’ and 5’-
TTCATGAGGTAGTCTGTCAGGTCC-3’ for β-actin. PCR reaction was carried out in a
GeneAmp 2700 thermocycler (Applied Biosystems, Foster City, CA) under the following
conditions: initial denaturation at 95 °C for 15 min; 30 cycles at 94 °C for 40 s, 62 °C at 40
s, 72 °C for 1 min, and then 72 °C for 5 min for final extension. PCR products were
electrophoresed with 2% Agarose-1×TAE gels containing 0.5 μg/ml ethidium bromide.
Western blot analysis was carried out to determine the expression of AKR1B1 protein by
using AKR1B1 polyclonal antibodies.

2.4. Rat lens culture
The eyeballs were removed from the rats and cultured as described earlier [19]. Briefly, the
eyeballs were removed and lenses were dissected in phosphate-buffered saline under sterile
conditions, with the aid of a dissecting microscope. Each of the dissected lenses was
immersed in a separate well of a 24-well tissue culture plate containing medium 199
supplemented with 1% penicillin-streptomycin. The lenses were divided into 4 groups with
2 lenses from a rat per group, WT control and ARKO control group were incubated with
medium 199 containing 5.5 mM glucose, and the experimental groups WT+HG and ARKO
+HG groups were incubated with medium 199 containing 50 mM glucose. The lenses were
maintained in a humidified atmosphere of 5% CO2 and 95% air at 37 °C. The incubation
medium was changed every 24 h. The incubations were staggered so that all the lenses,
incubated for 1, 4 and 9 days, were ready for biochemical measurements and digital image
analysis at the same time under identical conditions.

The opacity of the lenses was examined by digital image analysis, as described elsewhere
[20]. Briefly, the imaging system consisted of a TV camera (Optronics Engineering, Goletta,
GA) attached to the television port of an inverted microscope (Nikon). The condenser was
adjusted for Köhler illumination. To view the entire lens, a 2x objective was used. The first
series of images were collected under a condition in which the illumination was increased so
that the center of the control (untreated) lens (on day 1) saturated the acquisition system.

2.5. Biochemical measurements
The lenses from all the groups, after the indicated days in culture, were homogenized in 0.5
mL 20 mM potassium phosphate (pH 7.0) by sonication (model W185 Heat Systems;
Ultrasonics Inc., Plainview, NY). To measure GSH, 0.2 mL homogenate was mixed with 0.3
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mL precipitating reagent (0.2 M glacial meta-phosphoric acid, 5.1 M NaCl and 5.9 mM
EDTA) and centrifuged at 10,000g for 15 min to collect the supernatant. 0.2 mL supernatant
was added to 0.8 mL 0.3 M Na2HPO4, followed by the addition of 0.1 mL of 0.04 % 5,5'
dithiobis-(2-nitrobenzoicacid) in 1% sodium citrate). The change in optical density (OD) at
412 nm was recorded using a spectrophotometer (UV-Vis; Varian, Sunnyvale, CA), as
described previously (Bhatnagar et al 1993). Soluble and insoluble proteins were determined
by the Bradford method. Sorbitol was measured in ultrafiltered, lyophilized homogenate
(YM10 Centricon; Millipore, Bedford, MA). The samples were derivatized by adding 0.1
mL of a solvent (Deriva-sil) under anhydrous condition. The amount of sorbitol present in a
sample was analyzed by injecting the unknown derivatized mixture (1 μL) and known
standard into a gas chromatography (GC) system (Varian 3400) using a temperature gradient
(increase from 140 °C to 170 °C at 4°C/min and from 170°C to 250°C at 50 °C/min).
AKR1B1 activity was determined by using an aliquot of supernatant as described by us
earlier [21]. Briefly, enzyme activity was measured at room temperature in a 1 ml reaction
system containing 0.1 M phosphate buffer (7.0), 10 mM glyceraldehyde, and 0.15 mM
NADPH. The reaction was monitored by measuring the absorbance at 340 nm using a
Varian Cary 100 Bio spectrophotometer. One unit of enzyme activity is defined as the
amount of enzyme required to oxidize 1 μmol of NADPH/min.

3. Results
In an effort to understand the physiological functions of AKR1B1 in rats, we have attempted
to develop AKR1B1 knockdown rats by using siRNA technologies. With the help of custom
services at the transgenic core facility of the University of Texas Health Science Center, San
Antonio, we were able to obtain 3 founder (F0) female rats. All the 9 male founder rats were
born dead. The genotyping demonstrated that all three founders contained the human H1
promoter, indicating that the AKR1B1-siRNA had inserted into the cellular DNA.
Expression of AKR1B1 protein in these rats was significantly (>90%) knocked down
suggesting that the siRNA technology to develop AKR1B1 knockdown rats was successful
(Fig. 2B). However, the results shown Fig.2A indicate that AKR1B1 mRNA levels
decreased by only 50 to 60 % in ARKO rats as compared to WT rats. Perhaps the results are
mis-interpreted because the PCR goes to completion (using up all NTPs) with whatever
levels of mRNA are present; it may not be a measure of mRNA levels, therefore, we have
considered decrease in protein levels as an index of AKR1B1 knockdown in rats. The
female founder rats were not able to give birth to a F1 generation when mated with wild-
type male rats. They were infertile even through in vitro fertilization experiments. At this
time we are not sure how AKR1B1 knockdown in rats caused abnormalities in reproductive
system. Hence, we used all the founder rats in the current studies. We examined the effect of
AKR1B1 knockdown in prevention of sugar-induced lens opacification. As shown in Fig. 3,
digital image analysis of lenses from WT rats clearly illustrates the increase in lens opacity
in the presence of high (50 mM) glucose and the resistance of lenses from knockdown rats
to sugar-induced opacification. Digital images of the lenses were taken using a Nikon
inverted microscope with the light adjusted so that the central portion of the lenses on day 1,
4 and 9 saturated the image. Under these light conditions, the difference in the lens
opacifications was clearly visible at the day 9 in lenses from WT rats treated with high
glucose as compared to lenses from WT rats treated with normal glucose and lenses from
AKR1B1 knockdown rats treated with high glucose. Each row illustrates a lens
representative of each treatment as indicated in the figure legend. These results indicate that
lenses from AKR1B1 knockdown rats did not develop sugar-induced lens opacification. We
next measured the biochemical changes in the lenses from WT and AKR1B1 knockdown
rats in culture. As shown in Table-1, there was no significant change in the ratio of soluble
to insoluble proteins in the lenses of all the groups. On day 9, the glutathione (GSH) levels
significantly decreased (50%) in lenses from WT rats but not in lenses from AKR1B1
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knockdown rats treated with high glucose. AKR1B1 activity decreased by more than 85% in
the lenses from ARKO rats cultured in high glucose compared with lenses from WT
cultured in normal glucose. Similarly, the sorbitol levels in the lenses from WT rats treated
with high glucose significantly increased (~8–fold) compared to those treated with normal
glucose. However, in the lenses from AKR1B1 knockdown rats, there was no increase in
sorbitol levels. These results indicate that the AKR1B1 knockdown provided a significant
protection against glucose-induced biochemical changes in the lenses.

Discussion
Although transgenic technology in mice is well established, similar technology in rats is
expensive, time consuming and the success rate is not high [22]. RNA interference
technology has gained widespread application to suppress the expression of specific proteins
of interest [23]. Due to its larger body of size and blood volume, the rats have advantages
over mice in performing physiological studies in several disease conditions such as
hyperinsulinemia and reproductive abnormalities. Further, studies by Varma and Kinoshita
indicate that mice are resistant to development of sugar–induced cataracts [16]. This is
because of low levels of AKR1B1 expression in their lenses. Rats have been shown to
express 10 times more AKR1B1 than in mice [16]. However, no rat model of genetically
altered AKR1B1 is available to investigate the role of this enzyme in diabetic
cataractogenesis. Hence, our interest was to develop siRNA-based knockout rats to examine
the physiological functions of AKR1B1. By using specific H1 promoter containing pSuper
vector and hairpin AKR1B1-siRNA, we were able to obtain 3 female founder rats with
knockdown of AKR1B1 expression to more than 90%. However, these rats were not able to
produce littermates, indicating their reproductive abnormalities. In contrast, AKR1B1 null
mice showed no apparent growth and reproductive abnormalities [24]. Since we failed to
generate littermates, we examined the protective effect of knockdown of AKR1B1 against
hyperglycemic cataractogenesis in rat lenses. Oxidative and osmotic stresses have been
shown to be key biochemical changes that trigger and mediate lens opacification in
hyperglycemia [6,25]. We have therefore measured the progressive loss of light transmission
by the lens that is associated with profound changes in its structure, physiology and
metabolism under high glucose-containing media. Digital image analyses of rat lenses,
cultured in high glucose for up to 9 days, showed that the lenses developed progressive
opacity in the nuclear region as determined by transmittance measurements. In contrast, the
opacification in the lenses obtained from knockdown rats and cultured in high glucose was
significantly less and similar to WT control lenses cultured in normal glucose, indicating
that AKR1B1 knockdown protects from hyperglycemic cataractogenesis. Consistent with
our results, previous studies have also shown that transgenic overexpression of the AKR1B1
gene selectively in mice lens accelerated diabetic and galactosemic cataract formation [10].
Additionally, general over-expression of the AKR1B1 gene, using the SMV promoter,
increased the rate of neuropathic changes in diabetic animals [26-27]. In addition to these
studies, our results strongly indicate that AKR1B1 is an important component of high
glucose-induced metabolic changes that underlie the development of secondary diabetic
complications. In conclusion, we have developed siRNA-based AKR1B1 knockdown in rats
which exhibited some reproductive abnormalities. Explant cultures of lenses from AKR
knockdown rats demonstrated resistance to sugar-induced opacification, indicating a
physiological role of AKR1B1 in the pathophysiology of hyperglycemic cataracts.
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Abbreviations

AKR1B1 Aldose Reductase

ARKO AKR1B1 knockdown rat

AKR1B1-siRNA aldose reductase small interference RNA

HG High-glucose

NADPH Nicotinamide adenine dinucleotide phosphate-reduced

NADP Nicotinamide adenine dinucleotide phosphate

ROS reactive oxygen species

HNE 4-hydroxy-trans-nonenal

GSH Glutathione

GSSG Glutathione disulfide
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Figure 1. pSuper.gfp/neo vector map showing the multiple cloning site, AKR1B1-siRNA
insertion site and the AKR1B1-siRNA sequence
Rat specific ARSiRNA was custom designed and synthesized as described in methods. The
oligo nucleotide sequence was subcloned between BglII and HindIII restriction sites
downstream of the H1 promoter in the pSuper.gfp/neo vector. The figure describes the
complete map of the pSuper vector from manufacturer's technical literature along with the
AKR1B1-siRNA sequence.
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Figure 2. RT-PCR and Western blot confirming the knock-down of AKR1B1 by siRNA
A) Equal amount of total RNA isolated from the thoracic muscle tissue of AKR1B1
knockdown rats was subjected to RT-PCR. B) Equal amount of protein obtained from
muscle tissue homogenates was subjected to Western blot analysis using AKR1B1
antibodies. Beta–actin and GAPDH were used as internal standards for RT-PCR and
Western blot analysis, respectively. #1, 2, 3 are ARKO rats, Control: Wild-type rats.
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Figure 3. Hyperglycemia-induced lens opacification was not observed in ARKO rat lenses
ARKO and age-matched control female rats (10-12 weeks; Fischer-344) were killed and the
lenses were immediately dissected out and cultured in medium 199 containing 1% penicillin
and streptomycin with or without high glucose (50 mM) as described in methods. On
different days the lenses were periodically photographed and observed under the
transmission light using a Nikon inverted microscope. The photographs show the lens
opacification on days 1, 4 and 9. The opacification is represented by transmittance of light in
distinct colors in decreasing order at the nuclear region of the lens. Day 1 corresponds to 24
h after the lens was incubated in the culture media. WT: Wild-type, WT+HG: Wild- type
with high glucose treated, ARKO+HG, AKR1B1 knockout with high glucose treated.
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Table 1

Protein, GSH, AKR1B1 and Sorbitol levels in ARKO and wild type rat lenses.

Group Protein (Sol./Insol. GSH (nmol/mg protein) AKR1B1 (ml/mg protein) Sorbitol (nmol/mg protein)

0 day WT 3.2 ± 1.2 9.5 ± 0.2 7.1 ± 0.4 1.1 ± 0.04

0 day ARKO 3.0 ± 1.5 7.5 ± 0.9 1.2 ± 0.4 0.7 ± 0.01

9th day WT 3.1 ± 1.2 7.5 ± 1.5 8.2 ± 0.2 1.9 ± 0.16

9th day WT+HG 3.0 ± 1.1 4.8 ± 1.3 9.7 ± 0.9 16.3 ± 1.6

9th day ARKO 2.9 ± 0.9 6.8 ± 0.2 0.8 ± 0.3 0.7 ± 0.02

9th day ARKO+HG 2.8 ± 1.2 6.9 ± 0.2 0.7 ± 0.4 0.8 ± 0.02

Cultured rat lenses were homogenized and various biochemical parameters were measured as described in methods. The data represents average of
two lenses from a rat. (n=2 lenses).
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