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Abstract
Diabetes results in enhanced chemical modification of proteins by advanced lipoxidation end
products (ALEs) and advanced glycation end products (AGEs) precursors. These modifications
have been linked to the development of several secondary diabetic complications. Our previous
studies showed that aldose reductase (AR; AKR1B3) catalyzes the reduction of ALEs and AGEs
precursors; however, the in vivo significance of this metabolic pathway during diabetes and
obesity has not been fully assessed. Therefore we examined the role of AR in regulating ALEs and
AGEs formation in murine models of diet-induced obesity and streptozotocin-induced diabetes. In
comparison with wild-type (WT) and AR-null mice fed normal chow, mice fed a high-fat (HF)
diet (42% kcal fat) showed increased accumulation of AGEs and protein–acrolein adducts in the
plasma. AGEs and acrolein adducts were also increased in the epididymal fat of WT and AR-null
mice fed a HF diet. Deletion of AR increased the accumulation of 4-hydroxy-trans-2-nonenal
(HNE) protein adduct in the plasma and increased the expression of the AGE receptor (RAGE) in
HF fed mice. No change in AGEs formation was observed in the kidneys of HF-fed mice. In
comparison, renal tissue from AR-null mice treated with streptozotocin showed greater AGE
accumulation than streptozotocin-treated WT mice. These data indicated that AR regulated the
accumulation of lipid peroxidation derived aldehydes and AGEs under conditions of severe, but
not mild, hyperglycemia and that deletion of AR increased RAGE-induction via mechanisms that
were independent of AGEs accumulation.
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1. Introduction
Post translational modification of lysine and arginine residues of proteins by reactive
carbonyl species results in the formation of advanced glycation end products (AGEs) and
advanced lipoxidation end products (ALEs). Protein modification due to the formation of
AGEs or ALEs has been suggested to play a major role in exacerbating secondary diabetic
complications [1,2]. AGEs and ALEs are formed by condensation reactions of the carbonyl
group of sugar or reactive aldehydes. The N-terminus of the free amino acid of proteins
forms a Schiff’s base that undergoes re-arrangement to generate Amadori adducts. AGEs
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and ALEs are generated normally as a result of aerobic metabolism and their tissue
accumulation increases upon aging. The formation and the accumulation of AGEs and ALEs
is further increased in conditions of diabetes and obesity because of an increase in the
generation of several reactive carbonyl compounds such as methylglyoxal, deoxyglucosone,
4-hydroxy-trans-2-nonenal (HNE) and acrolein [3,4].

Previous studies have shown that interactions of AGEs and ALEs epitopes with the signal
transduction receptor RAGE activates NADPH oxidase and increases the production of
reactive oxygen species (ROS). This stimulates the phosphorylation of the extracellular
signal-regulated kinase (ERK1/2) and results in the activation of the pro-inflammatory
transcription factor – NF-κB [5–7]. Activation of the RAGE by AGEs and ALEs has been
shown to induce inflammation and trigger pro-inflammatory events. It has been shown that
binding of AGEs with RAGE promotes the progression of atherosclerosis in apoE null
diabetic mice and that the deletion of RAGE attenuates the development of atherosclerotic
lesion formation [8]. In addition, endothelial dysfunction associated with atherosclerosis has
been attributed to the signaling mechanisms involving the interaction of AGEs with RAGE
that result in the upregulation of VCAM1 and MMPs levels in aortic endothelial cells (ECs).
In contrast the deletion of RAGE has been reported to decrease levels of VCAM1 and
MMPs, thereby preventing tissue activation and adhesion [8]. Collectively these findings
suggest that the interaction of AGEs and ALEs with RAGE plays an important role in
eliciting immune responses and in causing tissue inflammation.

Studies from our laboratories have shown that several carbonyl products generated either
from the oxidation of lipids, phospholipids or sugars are reduced by aldose reductase (AR).
This enzyme has broad substrate specificity and recognizes short chain sugar derived
carbonyls (glycoaldehyde, methylglyoxal), medium chain hydrophobic aldehydes (4-
hydroxynonenal, hexenal) and phospholipid aldehydes (1-palmitoyl-2-oxo valeroyl
phosphatidylcholine, POVPC). The enzyme also catalyzes the reduction of the glutathione
conjugates of HNE and acrolein. Based on this substrate specificity, we proposed that the
enzyme is involved in the metabolism and detoxification of AGE and ALE precursors and
therefore it prevents tissue injury and inflammation associated with ALEs and AGEs
accumulation. In agreement with this hypothesis we have found that haplo-insufficiency of
these enzymes increases AGEs and ALEs formation in murine models of atherosclerosis and
diabetes and promotes the formation of atherosclerotic lesions [9]. To further assess the role
of AR in the reduction of AGEs precursors under different metabolic conditions and to
determine whether the enzyme regulates the AGE–RAGE axis, we examined the AGEs and
ALEs accumulation in two different models of diabetes. Our results show that AR regulates
the formation of AGEs and ALEs in the plasma and the absence of the enzyme can induce
RAGE expression.

2. Materials and methods
Monoclonal AGE and RAGE antibodies were purchased from Cosmo Bio Ltd. and R&D
systems respectively. Polyclonal antibodies against KLH (Keyhole-Limpet Haemocyanin)–
HNE (KLH–4-HNE) and KLH–acrolein were raised and tested as previously described
[10,11].

2.1. High fat feeding and induction of diabetes in WT and AR null mice
The animals were maintained in a temperature-controlled room (22 °C) on a 12-h light-dark
cycle. Mice were divided into two groups and were fed either a high-fat (HF) diet (Teklad
Harlan) or received continuous feeding of a normal diet for up to 12 weeks. On caloric basis,
the high-fat diet consisted of 42% fat from anhydrous milk fat, 42.7% carbohydrate, and
15.2% protein, whereas the normal diet contained 13.4% fat, 58.986% carbohydrate, and
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27.55% protein. Food intake and body weights were taken once a week. Diabetes was
induced in 6 weeks old male WT (n = 7) and akr1b3-null (n = 7) mice by repeated low dose
streptozotocin (STZ; 65 mg/kg/day for 6 consecutive days, i.p.) treatment as described by
Park et al. [12]. Control mice were treated with vehicle only (0.05 mM sodium citrate, pH
4.5). The study was approved by the Animal Ethics Committee at University of Louisville.

2.2. Western blotting for the quantification of AGEs ALEs and RAGE
For the identification and measurement of circulating AGEs and ALEs in the plasma of NC
and HF fed WT and akr1b3-null mice plasma samples were separated by SDS–PAGE.
AGEs, acrolein, HNE adducts and RAGE expression were identified by Western analysis
using monoclonal anti-AGE and anti-RAGE, polyclonal anti-acrolein and anti-HNE
antibodies, diluted 1:3000 and 1:1000 respectively in 5% (v/v) blocking solution in TBS at
room temperature. Band intensity was quantified by using Image Quant TL software
(Amersham Biosciences) and bands were normalized to Amido black staining.

2.3. Statistical analysis
Data are expressed as mean ± S.E.M. Student’s t-test was used for the data analysis when
the data were restricted to two groups. Statistical significance was accepted at P < 0.05
level.

3. Results
3.1. High-fat feeding increases the generation of plasma AGEs acrolein and HNE adducts

To examine how diet-induced obesity regulates the formation of AGEs and ALEs, WT and
AR-null mice were fed with Western diet (42% fat) and normal chow (NC) (14% fat) for 12
weeks. HF fed mice showed marked hyperglycemia, and the levels of plasma glucose
measured after 12 weeks, were slightly higher in the AR-null than WT mice (data not
shown). After 12 weeks on normal chow or high-fat, the mice were euthanized and the
plasma was used to measure AGEs formation using Western analysis. As shown in Fig. 1,
multiple AGE adducts were detected in the plasma of WT and AR-null mice that were fed
normal chow. The intensity of most of the bands in the WT mice was similar to that in the
AR-null mice, indicating that deletion of AR does not affect AGEs formation at baseline in
mice fed normal chow. However, high-fat diet was associated with a significant increase in
the intensity of several immunopositive bands. Quantification of clearly resolved bands at 25
kDa and 30 kDa showed that the overall intensity of these bands was higher in HF fed WT
and AR-null mice when compared with NC fed WT or AR-null mice (Fig. 1A). Similarly
the Western analysis of the plasma with anti-acrolein antibodies (Fig. 1B) showed that there
was a 2–3-fold increase in the intensity of a protein–acrolein adduct (200 kDa band) in WT
and AR-null mice that were fed a HF diet. Collectively, these observations suggest that
high-fat diet increases AGEs and protein–acrolein adduct formation and that the abundance
of these adducts in the plasma is not regulated by AR.

In addition to acrolein, peroxidation of membrane lipids also increases the formation of
HNE. To evaluate whether AR regulates the formation of protein–HNE adducts in HF-fed
mice, we measured the abundance of these adducts in the plasma of WT and AR-null mice
fed NC or HF-diet. The most prominent protein–HNE adduct in the plasma corresponded to
a molecular weight of 25 kDa (Fig. 2). The levels of this adduct in the plasma of NC-fed
AR-null mice were slightly higher than that in the NC fed WT mice, however, this
difference was not statistically significant. Feeding HF diet led to a small, but statistically
insignificant increase in the protein–HNE adducts in WT mice, however, significantly
greater levels of these adducts were detected in the plasma of HF-fed AR-null mice. These
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observations suggest that deletion of AR results in a greater accumulation of protein–HNE
adducts in the plasma of HF-fed mice.

3.2. Increased accumulation of ALEs and AGEs in epididymal fat of HF fed mice
To assess whether in addition to plasma, AGEs and ALEs also accumulate in tissues, we
measured the levels of these adducts in the epididymal fat. Western analysis of epipidymal
fat from HF-fed WT and AR-null mice showed an increased accumulation of acrolein
adducts (200 kDa) compared with the NC fed WT mice (Fig. 3A). Similarly, HF feeding
increased the formation of AGEs in both the WT and AR-null mice with higher intensity of
bands at 200 kDa and 150 kDA bands in the epididymal fat analyzed with anti-AGE
antibodies (Fig. 3B). These observations indicate that HF-feeding increases the abundance
of AGEs and protein–acrolein adducts in fat tissue, however, the levels of these adducts
were not affected by the absence of AR.

3.3. AR regulates AGEs formation in diabetic kidneys
Although HF-fed mice are useful model of human metabolic syndrome, the resultant
phenotype is rather mild. Hence to examine the role of AR under more severe conditions of
hyperglycemia, we studied changes in AGEs and ALEs formation in low dose STZ-treated
mice. Treatment with multiple low doses of STZ results in profound hyperglycemia and
dyslipidemia. Our previous studies [9] show that both WT and AR-null mice respond
similarly although the AR-null mice show slightly higher levels of blood glucose (744 ± 55
mg/dl) than the WT mice (566 ± 30 mg/ml). Similarly, levels of total cholesterol were
higher in the AR-null mice (131 ± 7 mg/dl) than those in WT mice (84 ± 5 mg/dl). These
observations suggest that deletion of AR exacerbates diabetes-induced hyperglycemia and
hyperlipidemia.

To examine whether AR regulates the formation of AGEs and ALEs in diabetic tissue, we
examined the abundance of these adducts in the kidney. In renal tissue, the uptake of glucose
is not regulated by insulin and therefore, plasma hyperglycemia results in an increase in the
intracellular concentration of glucose. As a result, kidney is the major target of
hyperglycemia, and nephropathy is a leading cause of death in type 1 diabetics.
Measurement of AGEs in the kidney showed detectable levels of these adducts in WT non-
diabetic mice. Interestingly, significantly higher levels of AGEs were observed in kidneys
from AR-null mice. As shown in Fig. 4, there were significant increases in AGEs with
masses of 30 and 40 kDa. These observations suggest that even in the absence of diabetes or
hyperglycemia, AGEs formation in kidneys is regulated by AR. In comparison with vehicle-
treated mice, higher AGE levels were detected in kidneys of STZ-treated mice. Moreover,
the abundance of AGEs was much higher in diabetic AR-null mice. No significant
difference in the expression of AR was observed between diabetic and non-diabetic mice
(Fig. 4). In addition, there was no significant difference in AGE accumulation in the kidneys
of WT and AR-null mice fed a HF-diet (data not shown).

3.4. Deletion of AR increases the RAGE expression
Although the formation of covalent adducts with aldehydes and AGE precursors could
directly impair protein function, AGEs and ALEs also serve ligands of the pattern-
recognition receptor RAGE. Hence, we evaluated whether an increase in the formation of
AGEs and ALEs during diet-induced obesity results in an up regulation of RAGE and
whether this is regulated by AR. As shown in Fig. 5, only low basal levels of the RAGE
protein were expressed in the hearts of mice fed a normal chow diet. In comparison hearts
from AR-null mice showed significantly greater expression of RAGE, indicating that even
in healthy non-diabetic mice, deletion of AR increases RAGE expression. Mice fed a HF
diet showed higher levels of RAGE than those fed normal chow (Fig. 5); however, RAGE
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induction by HF diet was greater in AR-null mice. The extent of induction by high fat
feeding in AR null was lower compared to WT high fat fed mice due to the basal expression
of RAGE. From these data we conclude that lack of AR upregulates RAGE expression.
Because in comparison with WT mice AR-null mice do not show excessive accumulation of
AGEs, these results indicate that the increase in RAGE in AR-null mice is not secondary to
AGEs accumulation.

4. Discussion
The major findings of current study are that diet-induced obesity increases tissue and plasma
accumulation of AGEs and ALEs. Significant increases were observed in AGEs, protein–
acrolein and protein–HNE adducts suggesting that obesity is associated with an increase in
the formation of lipid peroxidation-derived aldehydes as well as AGE precursors. The
metabolism of these carbonyls in HF-fed mice was not significantly affected by the presence
of AR; however, deletion of AR increased AGE formation during severe hyperglycemia
induced by STZ. Moreover, deletion of AR resulted in an increase in RAGE expression.
Because the increase in RAGE expression was observed under conditions in which the
formation of protein–HNE, but not AGEs, was increased by deletion of AR, we speculate
that the expression of RAGE is regulated by oxidative stress and protein–HNE formation in
AR-null mice.

Several previous studies show that the metabolites generated from glucose oxidation form
covalent adducts with plasma and tissue proteins (AGEs) [13]. The accumulation of AGEs is
increased during aging and AGEs formation has been linked to protein cross-linkage in
senescent tissue [14]. Increased accumulation of AGEs has also been reported in diseased
tissues as well as plasma proteins [15–19]. AGE protein adducts have been detected in
atherosclerotic lesions of euglycemic LDL receptor-deficient rabbits [20], suggesting that
increased accumulation of AGEs may be indicative of tissue inflammation and lipid
oxidation. The accumulation of AGEs is further increased in diabetes and high levels of
AGE-modified protein have been detected in the circulation and tissues from diabetic
subjects [15–19]. However, the current study shows for the first time, excessive
accumulation of AGEs in the plasma and tissue of obese mice. This observation is consistent
with the notion that diet-induced obesity is a pro-inflammatory state [21] that results in the
activation of inflammatory signaling due to JNK1 and IKKβ [22] and an increase in plasma
cytokine production due in part to the activation of the TLR4 receptors [23,24]. In addition
to AGEs, we also observed in the formation of protein–acrolein adducts. Acrolein is
generated endogenously as a product of lipid oxidation [25] or by myeloperoxidase-
catalyzed threonine oxidation [26]. Increased accumulation of protein–acrolein adducts have
been detected in the oxidized lipoproteins and atherosclerotic lesions of mice and humans
[27,28]. Our current observation that both protein–acrolein and protein–AGE adducts was
increased in high-fat fed mice suggesting that both lipid peroxidation and glucose oxidation
were increased during obesity. In vitro and in vivo analyses of oxidized LDL suggest that
there is a direct relationship between the levels of AGEs and lipid oxidation products [16].
The formation of lipid–AGE adducts in LDL has been shown to increase the oxidation of
unsaturated lipids, demonstrating a close association between lipid peroxidation and AGE
accumulation [16]. Hence, the contemporaneous increase in both AGEs and lipid
peroxidation products in tissue to obese mice indicate an on-going and interlinked process of
oxidation and glycosylation.

Protein-linked AGEs are generated by the addition of non-enzymatic oxidation products of
sugars such as glucose and glucose-generated metabolites such as methylglyoxal and
glyoxal to primary amino groups of proteins. Our studies show that aldose reductase (AR) is
an efficient catalyst for the reduction of AGE precursors including methylglyoxal, glyoxal,
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furfural, 3-hydoxyfurfural and deoxyglucosone and that the reduction of AGE precursors is
diminished in AR-null mice. Moreover, diabetic AR-null mice that are devoid of reductive
metabolism in different tissues accumulate more AGEs in the plasma and the hearts than
WT mice and deletion of AR increases AGE accumulation and atherosclerotic lesion
formation in apoE-null mice [9]. In agreement with these observations we found that
deletion of AR increased the AGEs accumulation in kidneys of STZ-treated mice [9]. These
observations suggest that AR plays an important role in removing AGE precursors in
diabetic kidneys and are in contrast to several previous reports that showed that inhibition of
AR prevents early diabetic nephropathy in rats. In STZ-treated rats, treatment with AR
inhibitors has been shown to prevent diabetes-induced increase in vascular permeability in
the kidney [29], urinary albumin excretion [30], and single nephron filtration rate [31].
However, most of the protective effects of AR inhibition were apparent during early stages
of diabetes. AR inhibitors administered from the time of induction of diabetes [32] decrease
urinary albumin excretion and early changes in glomerular hyper-filteration in diabetic rats
for 6–12 weeks [33–35], but no protection was observed on long-term (>6 months) follow-
up [36,37]. Moreover, a 5-year administration of AR inhibitor in diabetic dogs did not
produce any beneficial effects on renal structure or albuminuria [38]. Similarly clinical trials
with AR inhibitors show only marginal protection against diabetic nephropathy in patients
with diabetic nephropathy [39,40]. Our current data showing that deletion of the AR gene
increases AGEs accumulation in diabetic kidney provide one explanation for the mixed
results obtained with AR inhibitors. These data suggest that even though inhibition of AR
may be protective against early glomerular changes in diabetes, in the long run, inhibition of
AR could exacerbate renal injury by promoting AGEs accumulation; hence the early
protection provided by AR inhibitors could be eroded by gradual accumulation of AGEs and
ALEs. It is now recognized that AR is a multifunctional enzyme that catalyzes the reduction
of a range of AGE precursors [9] and lipid peroxidation products [41] and therefore
inhibition of the enzyme could prevent the removal of these potentially toxic species. This
view is consistent with the observation that transgenic overexpression of AR in the kidney
paradoxically prevents diabetes-induced albuminuria [42] and decreases the accumulation of
oxidative stress-induced dicarbonyls in renal tubules [43]. Hence, we propose that long-term
inhibition of AR is unlikely to prevent the development of renal disease in diabetes because
it promotes the accumulation of lipid peroxidation products and AGEs.

AGEs generated in diabetic or senescent tissue could induce tissue dysfunction by
modifying structural or cytoskeletal proteins or proteins involved in metabolism and cell
signaling. In addition AGEs could also trigger inflammation by binding to RAGE. RAGE is
a surface receptor that belongs to the immunoglobulin superfamily of proteins [44]. Binding
of AGEs to RAGE leads to the activation of signal transduction pathway that result in an
increase in ROS production and NF-κB activation. Together these events increase cytokine
production and establish a pro-inflammatory state. In addition to endogenously generated
AGEs, AGEs present in the diet, food-derived AGEs such as pronyl-glycine are also RAGE
ligands [45]. RAGE is widely expressed in many tissues [44] and its expression is further
increased in diabetes [46]. Pharmacological inhibition of RAGE or treatment with soluble
RAGE prevents diabetes-induced acceleration of atherogenesis in apoE-null mice [12].
Similar deletion of RAGE prevents structural and functional changes associated with
diabetic nephropathy in mouse models of type 1 diabetes [47], and diabetic RAGE-null mice
are protected against albuminuria, hyperfiltration, and glomerulosclerosis [48]. Our
observation that HF-diet increases the expression of RAGE suggests that part of the
inflammation induced by a high-fat diet may be mediated by the activation of RAGE. That
there was a concurrent increase in AGEs in tissues of obese mice is consistent with the
notion. Since both AGEs and RAGE are increased in obesity the AGE–RAGE axis could be
an important component of the sequealae of pro-inflammatory events associated with
obesity. Further investigations are required to examine the role of AGEs and RAGE in
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obesity, however, our current studies show that deletion of AR led to an increase in the
expression of RAGE in mice-fed normal chow and upon feeding a high-fat diet, the RAGE
expression in AR-null mice was significantly greater than in WT mice (Fig. 5). These results
identify AR as a new regulator of RAGE expression and suggest the presence of significant
cross-talk between AGEs and the polyol pathway. While the mechanism by which AR
deficiency upregulates RAGE remains unknown, we speculate that this may be in response
to an increase in the accumulation of lipid peroxidation products. While feeding a high-fat
diet led to an increase in AGEs, there was no difference in AGE levels in WT and AR-null
mice, suggesting that it is unlikely that RAGE expression is increased in response to an
increase in AGEs. Previous work has shown that in addition to AGEs, other ligands also
bind to RAGE and that RAGE expression is increased under conditions of inflammation and
tissue injury. Clearly, much additional work is required to identify the mechanisms that
regulate RAGE expression and how it may be regulated or dependent upon AR.

In summary, the results of this study show that diet-induced obesity is associated with an
increase in the accumulation of AGEs and ALEs. The accumulation of ALEs, but not AGEs
in AR-null mice fed a high-fat diet and that deletion of AR increases AGEs accumulation in
diabetic kidney. We also found that AR-null mice express higher RAGE levels than their
WT counterparts and that deletion of AR increases high-fed-induced RAGE up regulation.
These results reveal a new relationship between the AGE–RAGE axis and AR and suggest
that RAGE-dependent inflammation may be regulated in part by AR. Further studies are
required to understand this relationship and to assess its impact on secondary complications
of diabetes.
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Abbreviations

AGE advanced glycation end products

ALE advanced lipoxidation end products

AR aldose reductase

HF high fat

HNE 4-hydroxy-trans-2-nonenal

NC normal chow

RAGE receptor for advanced glycation end products

ROS reactive oxygen species

STZ streptozotocin
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Fig. 1.
Increased accumulation of AGEs and acrolein adducts in the plasma of HF fed mice.
Western blots of plasma from NC and HF fed WT and akr1b3-null mice were probed with
(A) anti-AGEs and (B) anti-acrolein antibodies. Bar graphs show the intensity of indicated
anti-AGEs and anti-acrolein positive bands normalized to Amido-Black stained blots. Data
are presented as mean ± S.E.M. *P < 0.01 vs WT (NC).
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Fig. 2.
HNE adduct formation is enhanced in the plasma of akr1b3-null mice. Western blots of
plasma from NC and HF fed mice from WT and akr1b3-null mice were probed with anti-
HNE antibodies. NC fed WT and akr1b3-null plasma served as respective controls. Western
blots were developed using anti-HNE antibodies. Bar graphs show the intensity of the
indicated anti-HNE normalized to Amido Black stains. Data are presented as mean ± S.E.M.
*P < 0.01 vs WT NC and HF fed mice.
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Fig. 3.
AGEs and acrolein adduct formation is increased in the epididymal fat of HF fed mice.
Cytosolic fractions of epididymal fat from WT and akr1b3-null HF and NC fed mice were
probed with (A) anti-AGE antibody to identify AGEs and (B) anti-acrolein antibody. The
membranes were visualized by chemiluminescence. Western blots were normalized by
Amido Black stains *P < 0.05 compared with WT (NC).
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Fig. 4.
Increase of AGEs in diabetic akr1b3-null kidneys. Cytosolic fractions from kidney
homogenates of WT and akr1b3-null non-diabetic and diabetic mice were probed with anti-
AGE antibody to identify modified proteins. Lower panels represent Western blots for
aldose reductase. The membranes were visualized by chemiluminescence. Intensity of the
AGEs was normalized by normalizing the bands to actin loading. *P < 0.05 vs WT and #P <
0.05 vs WT diabetic.
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Fig. 5.
Genetic ablation of akr1b3 increases RAGE expression in HF fed mice. Cytosolic fractions
of heart homogenates from NC and HF fed WT and akr1b3-null mice were immuno-blotted
with anti-RAGE antibody. Bar graphs show the intensity of indicated anti-RAGE positive
bands normalized to Amido-Black stained blots. *P < 0.05 vs WT NC and #P < 0.05 vs
WTHF.
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