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Summary
Aging is inevitably accompanied by gradual and irreversible innate endothelial dysfunction. In this
study, we tested the hypothesis that accentuation of glucose metabolism via the aldose reductase
(AR) pathway contributes to age-related vascular dysfunction. AR protein and activity levels were
significantly increased in aged vs. young aortic homogenates from Fischer 344 rats.
Immunostaining revealed that the principal site of increased AR protein was the aortic
endothelium as well as smooth muscle cells. Studies revealed that endothelial-dependent
relaxation (EDR) in response to acetylcholine was impaired in aged rats compared to young rats
and that treatment with the AR inhibitor (ARI) zopolrestat significantly improved EDR in aged
rats. Methylglyoxal (MG), a key precursor of advanced glycation endproducts (AGEs), was
significantly increased in the aortas of aged rats vs. young rats. Consistent with central roles for
AR in generation of MG in aging, ARI treatment significantly reduced MG levels in aged rat aorta
to those in young rats. Treatment of aged rats with soluble(s) RAGE, a soluble form of the chief
signal transduction receptor for AGEs, RAGE, significantly improved EDR in aged rats, thus
establishing the contribution of age-related increases in AGEs to endothelial dysfunction. These
findings reveal that significant increases in AR expression and activity in aged rat vasculature
linked to endothelial dysfunction may be mitigated, at least in part, via ARI and that aging-linked
increased flux via AR generates AGEs; species which transduce endothelial injury consequent to
their interaction with RAGE. These data demonstrate for the first time that AR mediates aging-
related vascular dysfunction, at least in part, via RAGE.

Keywords
aging; aldose reductase; endothelial dysfunction; RAGE; receptors

Introduction
Aging, even in the absence of diseases that generally accompany aging, confers the largest
risk factor for cardiovascular disease in human subjects (Al-Shaer et al., 2006). Progressive
increases in innate vascular dysfunction with aging have been demonstrated in humans and
animals (Blackwell et al., 2004; Brandes et al., 2005; Chinellato et al., 1991; Csiszar et al.,
2002; Geary & Buchholz, 2003; Hongo et al., 1988; Kung & Luscher, 1995; Muller-Delp et
al., 2002; Murohara et al., 1991). It is likely that fundamental metabolic and biochemical
changes occur over time in aging vasculature, resulting in alterations in substrate
metabolism and ATP levels, factors that may contribute to vascular dysfunction (Al-Shaer et
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al., 2006; Headrick, 1998; Kates et al., 2003; McMillin et al., 1993). This study proposes
that altered glucose metabolism may be one of these fundamental changes that contribute to
age-related vascular dysfunction.

Aldose reductase (AR) is the first enzyme of the polyol pathway and plays a key role in the
biochemical and molecular signaling response to glucose in vascular and inflammatory cells
linked to the pathogenesis and progression of vascular dysfunction. AR reduces glucose to
sorbitol; sorbitol is reduced to fructose by the enzyme sorbitol dehydrogenase. While the
polyol pathway has been investigated for its role in diabetic complications, recent studies
have demonstrated its role in mediating myocardial ischemia-reperfusion injury even in the
absence of diabetes (Hwang et al., 2004, 2002, 2005). Recent studies also support the
critical role of AR in accelerating atherosclerosis in diabetes (Vikramadithyan et al., 2005).
Additionally, earlier studies have demonstrated the effectiveness of AR inhibitors in
improving endothelium-dependent relaxation (EDR) in hyperglycemia (Cameron & Cotter,
1992; Keegan et al., 2000). We hypothesize that this alteration in AR pathway enzymes lead
to increased substrate flux and thereby creates a heightened susceptibility to vascular
disease.

A critical consequence of flux via the AR pathway is the generation of precursors of
advanced glycation endproducts (AGEs), specifically methylglyoxal (MG) and 3-
deoxyglucose (3-DG) (Hamada et al., 1996; Kato et al., 1989; Lal et al., 1995; Thornalley,
1996, 1998). Additionally, studies have demonstrated that inhibition of the AR pathway
results in reduction in AGEs (Hamada et al., 2000; Lal et al., 1995; Nakamura et al., 2003).
AGEs may contribute to the impairment of EDR by increasing oxidative stress and reducing
the bioavailability of nitric oxide (Bucala et al., 1991). An accumulation of AGEs in the
vasculature has been shown to accompany increasing age (Brett et al., 1993; Shapiro et al.,
2008).

The purpose of this investigation was to examine whether the AR pathway and its influence
in modulating AGE precursors play a role in age-related vascular dysfunction. Specifically,
we examined whether inhibition of AR activity and suppression of the effects of the chief
AGE signal transduction receptor, RAGE, improved EDR in aged Fischer 344 rats.

Results
Upregulation of the AR pathway with aging

In our first studies, we sought to determine whether aging affected levels and activity of AR.
Western blotting revealed a 2.9 ± 0.4 fold increase in AR protein expression in the aorta of
aged rats when compared with young rats (P < 0.05) (Fig. 1a). AR inhibitor (ARI) treatment
for 10 days prior to sacrifice resulted in a decrease in AR protein levels (Fig. 1a).

Consistent with increased AR protein expression, increased AR activity was observed, as
tissue levels of sorbitol were significantly higher in aorta from aged animals compared to
young animals (Fig. 1b), and treatment with ARI reduced the sorbitol levels in aged aorta.
We also examined aorta levels of fructose, as an additional measure of AR activity. Fructose
is produced by the action of sorbitol dehydrogenase on sorbitol. Similar changes were
observed in fructose levels as well (Fig. 1c). Furthermore, AR enzyme activity was directly
measured. These studies revealed an increase in AR enzyme activity in aged rat aorta
homogenates compared with young rat (P < 0.05; Fig. 1d).

To localize the principal cell types expressing AR in the aged aorta, immunostaining was
performed using anti-AR immunoglobulin G. Immunostaining for AR in aortic sections
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localized AR protein expression to the aortic endothelium and smooth muscle cells of aged
rats when compared with young rats (Fig. 2a,b respectively).

Methylglyoxal
A central consequence of increased AR activity is increased production of major AGE
precursors, such as MG. Levels of MG were significantly higher in aortas of aged rats
compared with young animals (P < 0.05). Treatment of the rats with ARI dramatically
reduced MG levels in aged rat aorta to levels seen in young rats (P < 0.05) (Fig. 3). In
parallel with increased MG levels, aortas of aged rats displayed significantly higher levels of
the chief AGE signaling receptor RAGE antigen vs. young rats by western blotting; P < 0.05
(Fig. 4a). In line with roles for ARI in reducing levels of MG in the aortas of aged rats,
RAGE expression was also reduced in aged rat aortas after treatment with ARI; P < 0.05
(Fig. 4a). Circulating levels of carboxymethyl lysine (CML)-AGEs were determined by
western blots containing standard CML-AGEs on plasma samples from young and old rats.
CML-AGEs were significantly increased in aged vs. young rat plasma (P < 0.05; Fig. 4b).
Treatment with ARI reduced circulating levels of plasma CML-AGEs as well (P < 0.05; Fig.
4b).

Endothelium-dependent relaxation: effect of aging and roles for AR/RAGE
To begin to determine the potential roles of AR and AGE–RAGE pathways in endothelial
dysfunction of aging, we assessed EDR in aortic rings retrieved from aged vs. young rats.
Baseline EDR in response to acetylcholine (Ach) was significantly impaired in aged rats
compared with young rats (P < 0.05; Fig. 5a). The EDR response to sodium nitroprusside
was similar in both young and aged rats (data not shown). Vasoconstriction to phenylephrine
was similar in both young and aged rats and revealed no significant differences between the
age groups (Fig. 5b).

Consistent with pathogenic roles for AR in EDR dysfunction in aging, administration of
ARI to aged rats for 10 days resulted in improved EDR in response to Ach compared with
aged rats receiving no treatment (P < 0.05, in young, aged, aged + ARI groups, Fig. 6).
Furthermore, consistent with pathogenic roles for RAGE ligands in mediating EDR
dysfunction in aged rat aortic rings, EDR was significantly improved in aged rats treated
with the ligand binding decoy of RAGE, sRAGE, for 10 days (Fig. 7) compared with control
aged rats (P < 0.05, in young, aged, aged + 10 day sRAGE groups). It should be noted that
sRAGE treatment did not alter AR activity in young and old aortas (data not shown). The
maximal response elicited by ACh was different between young and old aortas, EC50 being
the concentration of ACh that elicited 50% of the maximal response significantly correlated
with improved endothelial function after ARI/sRAGE treatment. ARI and sRAGE improved
the relaxation elicited by 1.65 × 10−7 ± 0.36 × 10−7 M ACh or higher in old aortas and all
treated groups, and by 1.65 × 10−7 ± 0.61 × 10−7 M ACh or higher in sRAGE-treated group.
These data suggest that decreased ACh-induced vasorelaxation in aortas from aged rats may
result from impairment of endothelial nitric oxide synthase and endothelium-derived
signaling pathways. This effect is prevented by ARI and sRAGE.

Oxidative stress: Effect of aging and role of ARI—Fresh aortic lysates from young
and old rats were analyzed for total GSH and GSSG as an indicator of oxidative stress.
Aortas from old rats had significantly lower Reduced glutathione/Oxidized glutathione ratio
compared to aortas from young rats (P < 0.05; Fig. 8). ARI was very effective in improving
the GSH/GSSG ratio over a 10-day treatment period. (P < 0.05; Fig. 8). We measured an
additional index of oxidative stress in these tissues. As Akt phosphorylates eNOS and
therefore is able to promote NO bioavailability and impact EDR in large vessels, we
determined the ratio of phosphorylated to total Akt in aortas from young and old rats. As
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shown in Fig. 9, the p-Akt/T-Akt ratio was significantly higher in aortic samples from young
rats compared to aged rat aortas (P < 0.05), and treatment with ARI significantly improved
the p-Akt/tT-Akt ratio in aged rat aortas (P < 0.05).

Discussion
Although multiple studies have suggested that endothelial function declines with aging, the
present study is the first to link changes in glucose metabolism to the pathogenesis of
endothelial-dependent relaxation impairment in natural aging. While it is known that chronic
elevation of cytosolic glucose drives metabolic flux via the AR pathway (Hwang et al.,
2003), the present findings revealed that natural aging, even in the absence of the common
aging-associated disorder hyperglycemia, also results in enhanced flux via AR, and, thereby,
increased accumulation of AR pathway products in the vasculature. Our experiments
demonstrate the novel observation that the primary enzyme in the polyol pathway, AR,
exhibits increased protein expression and enzyme activity in aged Fischer 344 rat aortas
compared with young rat aortas. Further evidence of increased flux via the AR pathway was
that the products of this pathway, fructose and sorbitol, were significantly higher in aged
animals aorta. Immunostaining of aortas localized AR protein expression to the endothelium
and smooth muscle layer of aged rats. This expression of AR in the endothelium of aged
vasculature led us to probe the hypothesis that increased flux via AR mediated, at least in
part, age-related endothelial dysfunction.

Levels of MG, a precursor to AGEs, were higher in aged vs. young Fischer 344 rat aortas.
Administration of ARI significantly lowered MG levels in aged animals, indicating that age-
related increases in this AGE precursor and subsequent activation of RAGE, is mediated, at
least in part, via the AR pathway. These results are in contrast to studies that have shown
that AR can catalyze reduction in AGE precursors (Vander Jagt et al., 1992; Baba et al.,
2009). Others also showed that genetic deletion of AR increased AGE accumulation and
atherosclerotic lesion formation in young mice (Baba et al., 2009). It is important to note
that numerous differences exist between our models, the most important of which is our
study of aging rats; this may explain the link between AR and AGE generation in our
studies. Given that AGEs transduce their effects largely via the signal transduction receptor
RAGE, we postulated that age-related vascular dysfunction mediated via the AR pathway
exerts its effects in part via RAGE. Consistent with this concept, administration of sRAGE
attenuated age-related endothelial dysfunction in the aged rat aortic rings. Indeed, our
findings revealed increased circulating CML-AGEs in aged vs. young rats, thereby
providing evidence for circulating ligands likely bound by exogenously added sRAGE in
these studies.

These data provide strong evidence that glucose metabolism is altered in natural, disease-
free aging in the vasculature. It has been shown that the AR pathway and RAGE play vital
roles in the pathogenesis of cardiovascular disease. Previous work supports the critical role
of AR in accelerating atherosclerosis in diabetes (Vikramadithyan et al., 2005).
Additionally, studies by other groups have demonstrated the effectiveness of AR inhibitors
on improving EDR in hyperglycemic models (Cameron & Cotter, 1992; Keegan et al.,
2000). Critically, Fischer 344 rats do not display typical aging-associated diseases, such as
insulin resistance or frank hyperglycemia. Thus, our findings reveal for the first time that
increased metabolic flux via the AR pathway may account, at least in part, for the increased
vulnerability of aged vasculature to dysfunction in the absence of aging-associated diseases.

Our findings confirm previous investigations revealing that EDR in response to
acetylcholine was impaired in aged rats compared with young rats (Brown et al., 2006;
Celermajer et al., 1994; Ibarra et al., 1995; Shirasaki et al., 1986; Tschudi et al., 1996; van
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der Loo et al., 2000). In our studies, we did not observe an increased contractile response to
phenylephrine between young vs. aged rats. Similar investigations have observed either an
increase or no change in vasoconstrictor response in aged animals compared with young. It
is possible that differences in these findings may be related to the strain of animals tested or,
perhaps, unrecognized factors in the animals’ diet that may have accounted for altered
vasoconstrictor responses.

In the present study, we examined the impact of inhibiting metabolic flux via the AR
pathway by utilizing an AR inhibitor and also by inhibiting the consequences of AGE
interaction with RAGE. ARI treatment significantly improved EDR in aged animals.
Additionally, antagonism of the receptor for AGEs also significantly improved EDR in aged
animals. EDR in response to sodium nitroprusside remained intact in all young, aged and
treated animals, suggesting that the differences in EDR between the groups were attributed
to endothelium-dependent mechanisms.

The focus of the current investigation was to probe potential links between the AR pathway
and age-related vascular dysfunction. The bioavailability of nitric oxide, the major effector
of EDR, is scavenged by oxidative stress. AR activation may generate oxidative stress by
several means: (i) AR activation depletes NADPH, which is a necessary cofactor for
glutathione reductase, thereby leading to diminished cellular antioxidant capacity; (ii) the
conversion of sorbitol to fructose requires NAD+ which is converted to NADH, causes
increased cytosolic Reduced Nicotanimadie Adenine Dinucleotide/Nicotanimadie Adenine
Dinucleotide ratio, a mechanism to generate reactive oxygen species (ROS); and (iii) AR-
driven activation of phospholipase, together with increased generation of oxidant species,
leads to the production of oxidized lipids. Studies have shown that oxidized lipids can
impair EDR in vascular tissues (Shaul, 2003). Here, we show decreases in Reduced
glutathione GSH/GSSG ratio in aged aortas (vs. young) and attenuation of these changes
with ARI treatment. Furthermore, we show that ARI improves the ratio of phosphorylated to
total Akt in the aged aortas; phosphorylated Akt is a key kinase in regulating eNOS
phosphorylation and the bioavailability of NO. Overall, the data are consistent with AR
impacting EDR, in part, via changes in oxidant stress.

AR-driven changes in glucose metabolism generate MG, a central precursor in formation of
a range of AGEs. The primary mechanism of AGE impact on vascular and cellular
properties occurs through interaction with the receptor for AGEs; one consequence of AGE–
RAGE interaction is the generation of oxidative stress. AGEs have been shown to generate
ROS through activation of NADPH oxidase as well as possibly through mitochondrial
sources (Basta et al., 2005; Coughlan et al., 2009; Wautier et al., 2001). We propose that
AGE-triggered generation of ROS results in the quenching of NO, which is the primary
vasorelaxing substance linked to EDR (Bucala et al., 1991).

It is essential to note that even in apparently healthy human subjects, endothelial dysfunction
accompanies the aging process. In addition to endothelial dysfunction, the changes that
occur in human vasculature during aging include large artery thickening, and stiffness as
well as the resulting increase in systolic and pulse pressure (Lakatta, 2003). Aging vascular
tissues including vessels and myocardium display increased AGE formation even in the
absence of diabetes in humans and rats (Black-well et al., 2004; Brandes et al., 2005). The
ability of AGEs to cross-link with proteins may account for increases in arterial stiffness
seen in aging. Indeed, the potent impact of ALT-711, an AGE cross-link breaker, in both
aged non-human primates and human subjects, provides strong support for the contribution
of AGEs to aging-linked vascular dysfunction. Here, we showed for the first time that
increased AR flux may critically link AGE formation to innate vascular aging.
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In conclusion, the primary findings of this study include (i) AR expression and activities are
increased in aged vasculature, (ii) AR inhibition improves EDR in aged rats and (iii)
inhibition of RAGE improves EDR in aged rats. We posit that the alteration in AR pathway
enzymes that occurs in aging leads to increased substrate flux via this pathway and creates a
heightened susceptibility to vascular disease, probably at least in part via RAGE. AR-driven
generation of CML-AGEs and MG, a key precursor of AGEs, may impact EDR via RAGE.
Although multiple pathways in age-related endothelial dysfunction are implicated by these
findings, this study specifically elucidates for the first time the potential role of AR in age-
related vascular disease. Importantly, our findings underscore the potential of ARI and
RAGE antagonism as novel strategies to ameliorate age-related vascular dysfunction.

Experimental procedures
All studies were performed with the approval of the Institutional Animal Care and Use of
Laboratory Animals Committee at Columbia University, New York. This investigation
conforms with the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH publication No. 85–23, 1996). The study was conducted
in young (4 months) and aged (24–26 months) Fischer 344 rats purchased from the National
Institutes of Aging colony. Rats were divided into four groups: young (n = 9), aged (n = 13),
aged + ARI treatment (n = 6) and aged + sRAGE treatment (n = 4). ARI treatment was
administered to aged rats via oral gavage at a dose of 40 mg zopolrestat/animal/twice daily
for a period of 10 days (Mylari et al., 1992, 1991). Soluble RAGE (sRAGE) blocks the
interaction of AGEs with RAGE and hence acts as an antagonist for RAGE. sRAGE was
administered by intraperitoneal route at a dose of 500 μg/animal per day for 10 days
(Bucciarelli et al., 2002; Park et al., 1998).

Biochemical analysis of the AR pathway
Aortic homogenates were analyzed for AR protein expression by western blotting. Protein
extracts were separated on a 5%SDS-PAGE gel and immobilized on polyvinylidene
difluoride membrane. Nonspecific binding of the membrane was blocked with 5% nonfat
dry milk (Bio-Rad, Richmond, CA, USA). The membrane was incubated in Phosphate
Buffered Saline containing 1% BSA and rabbit anti-AR IgG at 4 °C overnight and washed
three times in Phosphate Buffered Saline with 0.1% Tween-20. The blot was then further
incubated in PBS containing anti-goat IgG coupled with horseradish peroxidase. The
membranes were visualized using the ECL method. The blot signals were digitized and
subjected to densitometric scanning using a standard NIH image program (v 1.62, Bethesda,
MD, USA). Other primary antibodies used include anti-mouse/rat RAGE (R &D systems
inc), anti phospho Akt, total Akt IgG (Cell signaling, Danvers, MA, USA), anti CML
monoclonal antibody (COSMO Bio Co., Tokyo, Japan) and anti β-actin IgG (BD
Biosciences, San Jose, CA, USA).

Levels of sorbitol and fructose were measured as described previously by our group (Hwang
et al., 2003, 2002). AR activities were measured in aortic tissue homogenates using
spectrophotometric techniques as described previously (Hwang et al., 2003).

GSH/GSSG ratios were measured in cleared aortic extracts using a commercially available
BiotechR GSH-412 TM kit (Oxis Research, Portland, OR, USA) as per manufacturer’s
instruction.

Immunohistochemistry
Immunohistochemistry to detect AR antigen in rat aorta was performed as previously
described (Hwang et al., 2004) in three young and three aged Fischer 344 rats.
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Immunostaining was performed on 10% formalin-embedded sections (6 μm) The
deparaffinized sections were stained with a primary AR antibody or platelet endothelial cell
adhesion molecule-1 (CD31) antibody or anti-alpha smooth muscle actin and then incubated
with a biotinylated secondary immunoglobulin (IgG; 1:250; Vector Laboratories Inc.,
Burlingame, CA, USA), followed by incubation with fluorescein-avidin D/Texas red-avidin
D. The signals of individual and merged images for antigen detection were obtained using a
fluorescent microscope with epifluorescent illumination (excitation wavelength 488 nm for
fluorescein-avidin D, 568 nm for Texas Red-avidin D; Bio-Rad Laboratories Inc.,
Richmond, CA, USA). Rabbit IgG (Zymed, Invitrogen) or omission of the primary antibody
was used as negative control.

Biochemical analysis of the AGE–RAGE interaction
3-Methylglyoxal (3-MG), a precursor in the formation of AGEs, was measured in the
neutralized perchloric acid extracts of hearts by high-performance liquid chromatography
(HPLC) methods according to previously published procedures (Hwang et al., 2004, 2002;
Ohmori et al., 1987).

Assessment of endothelial function
Fischer 344 rats were anesthetized using sodium pentabarbitol (50 mg kg−1; i.p.) (Abbott
Laboratory, Cranbury, NJ, USA). The descending thoracic aorta was carefully excised. The
aorta was flushed twice with fresh cold, oxygenated Krebs Henseleit buffer containing NaCl
118, KCl 5.4, MgCl2 1.2, CaCl2 2.5, NaHCO3 22, NaH2PO4 1.2 and glucose 10.1 mM and
placed in a dissecting tray filled with the same buffer. The aorta was carefully dissected
from periadventitial tissue and fat and then segmented into rings (4–5 mm length). The ring
proximal to that was snap frozen in liquid nitrogen and stored at −80 °C for further analysis
by western blotting. The remaining aortic rings were then mounted using two tungsten wire
triangles in conventional 20-mL organ bath chambers (Experimentria, Budapest, Hungary)
containing Krebs-Henseleit solution maintained at 37 °C and bubbled with a mixture of 95%
oxygen and 5% carbon dioxide at pH 7.4. A preload tension of 2 g was applied to the rings.
The tissues were allowed to equilibrate for 90 min during which time the organ bath
chamber was filled with fresh buffer three times. Changes in isometric tension were
recorded with a force transducer (Experimentria, Hungary). At the end of the equilibration
period, the aortic rings were precontracted with phenylephrine (PE) (10−5 M). Baseline EDR
dose–response curves to acetylcholine (10−8 to 10−4 M) were obtained by adding the agonist
into the organ bath in an incremental manner. Rings were washed three times and allowed to
recover for one hour. Dose–response curves to phenylephrine (10−8–10−5 M) were then
obtained. The % relaxations for individual rings were calculated based on ratio of
differences in tension owing to maximum contraction in the presence of phenylephrine and
tension in the presence of acetylcholine (10−8–10−4 M) to that of maximum contraction (PE)
and baseline tension. Finally, dose–response curves to sodium nitroprusside (10−9–10−4 M)
were obtained to confirm that the vascular smooth muscle tissue of the rings was intact.

Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM). Repeated measures of
analysis of variance were used to determine differences in dose response between groups
(Stat-View). A P value <0.05 was regarded as significant.
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Fig. 1.
Activity and expression of polyol pathway enzyme aldose reductase (AR) is increased in
aged aortae (A) Western blotting revealed 1.9 ± 0.4 fold increase in aortic AR protein levels
in aged rats compared with young rats (n = 5 and 6/group respectively; P < 0.05). AR
inhibitor (ARI)-treated rats showed a significant decrease in AR protein levels. (B) Aortic
tissue levels of sorbitol were significantly higher in aorta from aged animals (n = 3) than in
young (n = 5). Treatment with ARI reduced the sorbitol levels in aged aorta. (C) Similar
changes were observed in fructose levels as well (n = 5 young rats; n = 3 aged rats). (D) AR
activity is significantly greater in aortas from aged animals when compared with young
animals.
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Fig. 2.
Immunostaining reveals aldose reductase (AR) expression in aortic endothelial cells and
smooth muscle cells of aged animals. Formalin-embedded sections of aortas from young and
aged rats were probed with anti-AR IgG, anti-alpha smooth muscle actin (SMA) (a) and anti
CD31 (b) IgG, respectively, and visualized after using appropriate second antibody and
fluorescent conjugated IgG. Images were visualized under 40× magnification.
Immunostaining localized AR to the aortic endothelial and smooth muscle cells in aged
animals. Aorta sections stained with appropriate nonimmune serum are presented as
negative control.
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Fig. 3.
AGE precursor MG is increased in aged rat aortas. MG levels were significantly higher in
aged (n = 6) rats when compared with young (n = 4) rats (P = 0.0016). MG levels were
significantly lower in the abdominal aortas of aged rats that received AR inhibitor treatment
(n = 6, P < 0.001).
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Fig. 4.
Western blot studies reveal increases in RAGE expression in aged rat aortas. (a) RAGE
protein expression was significantly higher in aged rat aortas (n = 6) when compared with
young rat aortas (n = 6) (P < 0.01). RAGE protein expression was significantly lower in the
abdominal aortas of aged rats that received ARI treatment (n = 6, P < 0.05). (b) AGE
concentrations in mouse sera were determined by western blot using monoclonal antibody
reacting with N-carboxy methyl lysine. Appropriate CML-bovine serum albumin containing
modified lysine was used as a standard for comparing the band intensity. (n = 6 per group,
respectively; P < 0.05).
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Fig. 5.
Endothelial-dependent relaxation (EDR) changes in aged and young rat aortas. (a) EDR in
response to acetylcholine was significantly impaired in aged rats (n = 7) compared with
young rats (n = 6; P < 0.05). (b) Vasoconstriction to phenylephrine was similar in both
young and aged rats.
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Fig. 6.
Oral administration of ARI improves endothelial-dependent relaxation (EDR) to
acetylcholine in aged rats. EDR was significantly improved in aged rats given ARI
zopolrestat compared with control aged rats (P < 0.05, in young, aged, aged + ARI groups, n
= 6,7,6, respectively).
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Fig. 7.
Administration of sRAGE improves endothelial-dependent relaxation (EDR) to
acetylcholine in aged rats. EDR was significantly improved in aged rats given sRAGE
compared with control aged rats (P < 0.05, in young, aged, aged + sRAGE groups, n = 6, 7,
6, respectively).
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Fig. 8.
Oxidative stress changes in aged and young rat aortas. Reduced glutathione and oxidized
glutathione were analyzed in lysate from young, old and ARI treated aortas. (n = 6,6 and 7,
respectively; P < 0.05). Aged aortas had significantly lower GSH/GSSG; ARI improved the
GSH/GSSG ratio.
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Fig. 9.
Effect of aging and ARI on aorta levels of phosphorylated Akt. Western blotting was
performed on lysate proteins from young, aged and ARI treated aortas using antibodies to
phosphorylated followed by total Akt. Although aging was associated with reduced phosho/
total Akt ratio, ARI significantly improved phosphorylation of Akt. (n = 5 and 6 per group,
respectively; P < 0.05).
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