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Abstract

The polyol pathway, a collateral glycolytic process, previously considered to be active in high
glucose milieu, has recently been proposed to play a crucial role in ischaemia/reperfusion
tissue injury. In this stady, we explored the role of the polyol pathway in acute kidney
injury (AKI), a life-threatening condition, caused by hindlimb ischaemia, and determined
if inhibition of the polyol pathway by aldose reductase (AR) inhibitor is beneficial for
this serious disorder. Mice 8 wecks of age rendered hindlimb ischaemic for 3 h by the
clipping of major supporting arteries revealed marked muscle necrosis with accamulation
of sorbitol and fructose in ischaemic muscles. Serum concentrations of blood urea nitrogen
(BUN), creatinine phesphokinase (CPK), creatinine, tumour mnecrosis factor (TNF)-« as
well as interleukin (IL)-6 were all elevated in these mice. Treatment with AR inhibitor
(ARI) effectively suppressed muscle necrosis and accompanying inflammatory reactions and
prevented renal failure. Similar to ARI-treated mice, AR-deficient mice were protected from
severe ischaemic limb injury and renal failure, showing only modest muscle necrosis and
significant suppression of serum markers of renal failure and inflammation. Thus, these
findings suggest that the polyol pathway is implicated in AKX caused by ischaemic limb
injury and that AR may be a potential therapeutic target for this condition.

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

With an increasing population of obese and diabetic
patients, central and peripheral vascular diseases are
now a worldwide problem, causing ischaemic tissue
injury of the brain, heart, and many other vital
organs, leading to life-threatening conditions [1,2].
Ischaemic limb injury is a typical complication of
peripheral vascular diseases often accompanied by
renal insufficiency, a condition called acute kidney
injury (AKT) caused by remote organ damage [3,4]. An
increasing need for vascular reconstruction for acute
arterial obstruction in patients with peripheral vascular
diseases has called for special attention on the risk of
AKI and its prevention and effective treatment [3,4].
Although the mechanisms of how AKI develops after
remote organ damage are now extensively explored,
its pathogenesis still remains unclear [5,6].

The polyol pathway is a collateral glycolytic path-
way from glucose to sorbitol and from sorbitol to

fructose [7,8]. Aldose reductase (AR) is a key
regulating enzyme converting glucose to sorbitol using
NADPH as a coenzyme, and sorbitol dehydrogenase
mediates the conversion from sorbitol to fructose. This
pathway has been extensively investigated in the field
of diabetes complications [7,8]. Increased polyol path-
way with excessive consumption of NADPH results
in decreased production of nitric oxide (NO) and
reduced glutathione [8]. Reduction of NO and glu-
tathione in turn causes ischaemia and vessel hyper-
permeability, as well as increased free radical pro-
duction. Such processes are now believed to oper-
ate in the development of diabetic complications
[8.91.

Recently, it has been shown that the polyol path-
way is activated under normoglycaemic conditions
when tissues are exposed to ischaemia’hypoxia [10].
With the reduction of intracellular oxygen, glucose
uptake is accelerated and impairment of mitochon-
drial function due to the reduced oxygen supply duly
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activates the collateral glycolytic pathway [11,12].
Similar to hyperglycaemic conditions, activation of
the polyol pathway caused by ischaemia/hypoxia
results in cellular dysfunction and death associated
with increased oxidative stress [11,12]. With this
background, an experimental approach using an AR
inhibitor (ARI) has been shown to be beneficial
for ischaemic heart [12,13], brain [14], and retina
[15]. However, it is still unknown whether this is
also the case in ischaemic limb injury accompanied
by AKIL

Materials and methods

Animals

Normal male C57BL/6] mice 8-12 weeks of age
were used. They were subjected to right hindlimb
ischaemia by the clipping of major supporting arteries
as described below. To test the inhibitory effects of
the ARI, groups of animals were pretreated with an
ARI (fidarestat, 30 mg/kg per day) (Sanwa Kagaku
Kenkyusho) orally for a week prior to ischaemic
operation. Other animals were treated orally with the
ARI (fidarestat, 30 mg/kg) once, 30 min or 1 h after
the onset of ischaemia. At 24 h after the release
of clipping, all the animals were anaesthetized with
ether and blood was withdrawn from the right atrium.
Blood chemistry was examined for blood urea nitrogen
(BUN), creatinine, creatinine phosphokinase (CPK),
and potassium by an autoanalyser (SpotChem EZ, SP-
4430, Arkray, Kyoto, Japan). Serum cytokine levels
of tumour necrosis factor (TNF)-a and interleukin
(IL)-6 were examined by ELISA (Pierce Biotechnol,
Inc, Rockford, IL, USA). The muscles and kidneys
were then excised for biochemical and histological
examinations.

To investigate the role of AR further, we used
AR-knockout (AR-KO) mice for ischaemic hindlimb
injury. Age-matched wild-type mice of the C57BL/6N
strain were used as controls. The production of AR-
KO mice has been reported previously [14,16] and the
mice have been back-crossed to the C57BL/6N strain
for 11 generations (N11).

All the animals used were male mice and were
housed under diurnal lighting conditions and allowed
access to food and water ad libitum. The protocol
of this study was reviewed and approved by the
Ethical Committee on the Use of Live Animals at
Hirosaki University School of Medicine (Approval No
80-2000).

Induction of limb ischaemia

The methods for inducing ischaemic injury and the
clinical characteristics of the current ischaemic model
have been reported in detail previously [17,18].
Mice were anaesthetized with isoflurane and placed
on a heating pad. Major arteries supplying the
right hindlimb (abdominal aorta, right common iliac,
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femoral, and superficial circumflex iliac arteries)
were occluded by microvascular clips (TSK-1, 40 g;
Kyowa, Tokyo, Japan). The duration of ischaemia
was 180 min. Microvascular clips were released to
allow reperfusion for 24 h until the mice were killed
by cardiac blood withdrawal under ether anaesthe-
sia. During this experiment, limb blood flow at the
footpad was constantly monitored by laser Doppler
flowmetry that confirmed loss of flow after clip-
ping and regaining of reflow after the release of
clipping (see Supporting information, Supplemental
data #1).

AR expression, tissue carbohydrate
and glutathione concentrations in ischaemic
muscle and kidney

For the detection of AR expression, muscle tissues
as well as renal cortex and medulla from both con-
trol and AR-KO mice were homogenized in TSA
(Tris-saline-acid)-PMSF (phenylmethylsulphonyl flu-
oride) buffer (pH 8.0) and centrifuged (15000 rpm).
SDS-PAGE was performed using the Xcell SureLock
system (Invitrogen, San Diego, CA, USA) in the
reducing condition. Aliquots of 100 mg samples of
protein were dissolved in the same sample buffer
[2.5% 2-mercaptoethanol, 62.5 mmol Tris—HCI, 10%
glycerol, 2% SDS, 0.0025% bromophenol blue, and
50 mmol reducing agent (dithiothreitol; DTT), pH 6.8]
and loaded onto the Novex Tris-glycine Pre-Cast Gel
(Invitrogen). After completion of the migration, the
proteins were transferred to a polyvinylidene fluoride
membrane (Immobilon-P; Millipore, Bedford, MA,
USA) in a transfer buffer (25 mmol Tris, 0.2 mol
glycine, and 20% methanol) using a wet transfer unit
of the Xcell SureLock system. The membrane was
reacted with antibody to rat AR [19] and B-actin-
specific antibody (Santa Cruz). A final incubation was
carried out with peroxidase-conjugated anti-rabbit or
anti-goat IgG (Santa Cruz) for 45 min at room temper-
ature. Immunodetection was performed by enhanced
chemiluminescence (Amersham-Pharmacia, Bucking-
hamshire, UK). To see the effects of ischaemia on
AR expression, muscles made ischaemic were also
examined.

For the measurement of tissue carbohydrate and
glutathione concentrations, muscle tissues exposed to
ischaemia were extirpated at the time of killing and
immediately frozen and stored at —80°C until the
measurement. Renal cortical tissues were also sub-
jected to the measurement of carbohydrate concentra-
tions. Sorbitol and fructose contents in tissues were
measured by liquid chromatography with tandem mass
spectrometry (LC/MS/MS) methods described pre-
viously [20,21]. The concentrations were expressed
as nanomoles per milligram per protein. Tissue glu-
tathione concentrations were measured by a colorimet-
ric assay kit (GSH-400TM assay; OxisRes, Portland,
OR, USA).
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Figure |. Laboratory data of experimental mice that developed hindlimb ischaemia and effects of pretreatment with the aldose
reductase (AR) inhibitor and AR deficiency. (A) Serum markers of muscle damage and renal functions in experimental mice. Mice
with hindlimb ischaemia (black bar; WT + I) showed elevated creatinine phosphokinase (CPK), blood urea nitrogen (BUN),
creatinine, and potassium concentrations in the blood. These values were significantly suppressed in mice pretreated with the AR
inhibitor (fidarestat) (WT + ARI + I). AR-KO mice (KO) did not show any elevation in these parameters and the values were not
altered in AR-KO mice with hindlimb ischaemia (KO + ). (B) Serum cytokine levels in experimental mice. After limb ischaemia,
serum interieukin-6 (IL-6) and tumour necrosis factor-ar were significantly elevated in wild-type mice (WT + |). Treatment with
the AR inhibitor suppressed the elevation of these values (WT + ARI + I). There was no significant elevation of these cytokines
in AR-KO mice after limb ischaemia (KO + 1) despite a trend for an increase

Histological evaluation and immunohistochemistry

The muscle and kidney tissues were fixed in 10%
buffered formalin. After dehydration with ethanol,
they were embedded in paraffin. Deparaffinized sec-
tions were rehydrated and stained with haematoxylin
and eosin (H&E) for the evaluation of tissue changes
and naphthol-ASD-chloroacetate-esterase (NACE)
for the detection of neutrophils, respectively. To
express the changes in an objective manner, myocytes

] Pathol 2010; 220: 530—-541 DOI: 10.1002/path

undergoing coagulative necrosis were counted within
a unit area of muscular tissues on H&E sections
and expressed as number per unit muscle area.
Neutrophils were also counted on NACE-stained
slides and expressed as number per unit muscle
area.

The kidney pathology was also examined on H&E
and NACE-stained sections. Cortical areas were sub-
jected to the evaluation of vacuolar degeneration of
tubular cells. When more than 50% of tubular cells

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 2. Laboratory data of experimental mice that developed hindlimb ischaemia and effects of delayed treatment with the
aldose reductase (AR) inhibitor. (A) Effects of the AR inhibitor given 30 min after the onset of ischaemia on serum measures of
muscle damage and renal function. Elevated concentrations of CPK, BUN, and creatinine were significantly suppressed in a group
treated with ARI. (B) Effects of the AR inhibitor given 30 min after the onset of ischaemia on serum concentrations of cytokines.
Elevated cytokine levels of IL-6 and TNF-a were not significantly affected by ARI treatment

were vacuolar, the change was scored as 3+; >20%
to <50% of tubular cells, as moderate, 2+; >5% to
<20%, as mild, 1+; and <5%, 0. Neutrophil counts
were determined as number per unit area in cortex on
NACE-stained sections.

Statistical analysis

All quantitative values are expressed as mean + SE
as a representative of a group. Statistical differences

among groups were examined by analysis of variance
with post-hoc Bonferroni corrections. p values less
than 0.05 were considered to be significant.

Results

Laboratory data

After ischaemic injury, animals developed hindlimb
paralysis and some died within 24 h due to acute

] Pathol 2010; 220: 530-541 DOI: 10.1002/path
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Figure 3. Carbohydrate and glutathione concentrations in muscles of experimental mice and AR expression. (A) After induction
of ischaemia, there was marked accumulation of sorbitol and fructose in mice, of which the AR inhibitor significantly inhibited the
accumulation. AR-KO mice did not respond to ischaemia and levels of sorbitol and fructose were not altered. With increased
flux of polyol, tissue glutathione levels were significantly decreased in mice and ARI prevented the decrease. Glutathione levels of
AR-KQO mice were not affected by ischaemia. (B) Western blot analysis revealed expression of AR protein that was not influenced
by ischaemia. As expected, there was no expression of AR in AR-KO mice. (C) Effects of the AR inhibitor started 30 min after the
onset of ischaemia on polyol and glutathione concentrations in muscles of experimental mice. Reduced glutathione levels were
not influenced by ARI treatment, although increased levels of sorbitol, but not fructose, were significantly suppressed

renal failure. They showed foot drop and poor move-
ment of the right hindlimb. The paralysis gradu-
ally improved over the following 24 h in surviving
animals. Untreated animals showed a high mortality
rate of 53% (8/15), while animals pretreated with ARI
for a week showed only modest impairment of leg
movement and their mortality rate was 27% (4/15).
Similarly, clinical behaviour in AR-KO mice after

J Pathol 2010; 220: 530-541 DOI: 10.1002/path

ischaemic injury was much milder than that in wild
control mice. Only one out of 15 mice (7%) died after
operation. The body weight and kidney weight were
not differentially affected among the groups (data not
shown).

Blood chemistry demonstrated significant increases
in the concentrations of CPK, BUN, creatinine, and
potassium in mice with ischaemic injury (Figure 1A).

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 4. Carbohydrate levels in kidney cortex and AR expression in renal tissues in experimental mice. (A) There was significant
elevation of sorbitol and fructose in mice with hindlimb ischaemia. Treatment with the AR inhibitor significantly inhibited the
change. There was no alteration in AR-KO mice after ischaemia. (B) AR expression in renal cortex and medulla was comparable
in experimental mice with or without hindlimb ischaemia. There was no expression in AR-KO mice

These values in ARI-pretreated animals were signifi-
cantly lower, although higher than those in untreated
animals. Concurrent with the data of ARI-treated mice,
AR-deficient mice did not show a significant eleva-
tion of these measures. Serum cytokine levels of IL-
6 and TNF-a¢ were significantly increased in mice
with ischaemic injury (Figure 1B). ARI treatment
suppressed the rise of serum cytokines and there was
no significant alteration in ischaemia-induced AR-KO
mice. Animals with hindlimb ischaemia underwent
marked oliguria or anuria and the effects of ARI were
therefore not evaluated, although reduced urine crea-
tinine concentrations were found in ARI-treated mice
and AR-KO mice with hindlimb ischaemia (Support-
ing information, Supplemental data #2).

Mice treated with ARI 30 min after ischaemic injury
also showed significant suppression of blood concen-
trations of BUN, CPK, and creatinine (Figure 2A).
However, when ARI was given 1 h after the onset of
ischaemia, there was no suppression of serum BUN,
CPK, and creatinine (data not shown). In contrast,
increases in the serum cytokine concentrations of IL-
6 and TNF-a were not significantly affected by ARI
administered either 30 min or 1 h after the onset of
ischaemia (Figure 2B).

Polyol concentrations and AR expression
in muscles and kidney

There was a marked accumulation of sorbitol and fruc-
tose in the calf muscles of mice exposed to ischaemia
(Figure 3A). Glutathione concentrations were signif-
icantly suppressed in these mice. Pretreatment with
ARI effectively prevented the rise of sorbitol and
fructose, and the reduction of glutathione. In contrast,
there was no significant alteration in the tissue concen-
trations of sorbitol, fructose or glutathione in AR-KO
mice with or without ischaemic injury. Western blot
analysis revealed that AR was expressed at a high level
in muscles but its expression level was not affected
in ischaemic muscles (Figure 3B). As expected, there
was no AR expression in AR-KO mice.

When animals with ischaemia were treated with ARI
30 min after the injury, polyol products of sorbitol
and fructose in the muscles were significantly smaller
than those in untreated animals. However, reduced
concentrations of glutathione were not significantly
recovered by ARI treatment (Figure 3C).

Accumulations of sorbitol and, more prominently,
fructose were markedly elevated in the renal cortex

] Pathol 2010; 220: 530-541 DOI: 10.1002/path
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Figure 5. Muscle pathology in experimental mice. Non-treated mice showed intact features of striated myocytes (A). There
were marked coagulative necrotic cells and vacuolations with inflammatory cells in mice with hindlimb ischaemia (B). Mice treated
with ARI showed much milder pathological changes, with focal necrotic cells and modest inflammatory cells (C). On the other
hand, muscles in AR-KO mice were intact (D) and hindlimb ischaemia caused modest coagulative degeneration and cell death of
myocytes (E). Quantitation of necrotic myocytes demonstrated significant suppression in the appearance of necrotic cells in mice
treated with ARI (F). AR-KO mice also showed a significant but modest increase in necrotic myocytes after hindlimb ischaemia

in mice with ischaemic hindlimbs, whereas ARI treat-
ment inhibited this elevation significantly (Figure 4A).
In AR-KO mice, there was no accumulation of sor-
bitol or fructose and ischaemic injury did not cause
significant alterations. AR expression was not altered
in either renal cortex or medulla in mice with hindlimb
ischaemia, while AR deficiency was confirmed in AR-
KO mice (Figure 4B).

Pathology of muscles and kidney

Muscle pathology

Hindlimb ischaemia caused marked necrosis of stri-
ated muscles in the calf and interstitial oedema asso-
ciated with marked infiltration of neutrophils and

J Pathol 2010; 220: 530—541 DOI: 10.1002/path

mononuclear cells (Figure 5). Vacuolar degeneration
as well as coagulative changes of myocytes was
also noted. Mice pretreated with ARI showed less
marked changes of muscle necrosis and degeneration.
The muscles of ischaemia-induced AR-KO mice also
showed only modest degeneration. There was marked
infiltration of neutrophils in ARI-untreated mice with
hindlimb ischaemia (Figure 6). ARI treatment before
ischaemia markedly suppressed this change. Similarly,
infiltration of neutrophils was not markedly increased
in AR-KO mice even after ischaemic treatment. Quan-
titation of muscle lesions demonstrated a significant
increase in necrotic cells and neutrophils in untreated
ischaemic mice and ARI treatment suppressed these
pathological changes. The changes in AR-KO mice

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 6. Neutrophilic infiltration of ischaemic hindlimb muscles (naphthol-ASD-chloracetate-esterase staining). There was no
apparent infiltration of neutrophils in mice without ischaemia (A). Ischaemia caused severe infiltration of neutrophils (B) and this
change was suppressed by ARI treatment (C). AR-KO mice did not show any pathological changes without ischaemia (D), whereas
ischaemia caused only modest infiltration of neutrophils (E). Quantitation of neutrophil infiltration revealed a significant increase
in the number of neutrophils in mice with hindlimb ischaemia and ARI treatment suppressed the infiltration of neutrophils (F).
AR-KO mice also showed a modest increase in neutrophils after hindlimb ischaemia

were much milder than those in ischaemic control
mice.

Kidney pathology

Mice that developed hindlimb injury showed renal fail-
ure. In these mice, renal tubular cells showed marked
vacuolation and granular degeneration (Figure 7). ARI
pretreatment significantly suppressed the degenera-
tive changes of renal tubular cells. AR-KO mice did
not show any marked degenerative changes in renal
tubular cells after limb ischaemia. Similarly, after
ischaemic limb. injury, neutrophilic infiltration was
noted in the interstitial area and within glomeruli
(Figure 8). Mice treated with ARI showed less remark-
able changes. Such changes of the tubular cells and

neutrophilic infiltration were modest in ischaemia-
induced AR-KO mice. Quantitation of renal tubular
cell changes and neutrophilic infiltration supported the
above findings.

The present study first demonstrated that increased
polyol pathway is implicated in acute kidney injury
(AKI) elicited by ischaemic limb injury. Inhibition
of this metabolic process with ARI significantly sup-
pressed muscle injury and improved renal insuffi-
ciency. Implication of AR was further confirmed by
the experiment in which AR-KO mice did not develop

] Pathol 2010; 220: 530-541 DOI: 10.1002/path
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Figure 7. Kidney pathology in experimental mice. Compared with normal mice (A), tubular cells developed conspicuous vacuolar
degenerative changes in mice with hindlimb ischaemia (B). ARI treatment markedly suppressed the change (C). AR-KO mice
showed normal morphology (D) and only modest vacuolar changes after hindlimb ischaemia (E). Quantitation of cells with tubular
degeneration revealed a significant increase in degenerated cells in mice with hindlimb ischaemia compared with control mice (F).
Mice treated with the AR inhibitor showed a significant decrease in the frequency of degenerated cells. AR-KO mice showed only
modest changes of tubular cell degeneration after hindlimb ischaemia (p = 0.10 versus KO)

AKI after hindlimb ischaemia. These novel findings
indicate that an ARI may be beneficial for the treat-
ment of ischaemic muscle injury with potential acute
renal failure. This might also apply to similar clini-
cal conditions such as ischaemia-reperfusion-induced
hepato-renal syndrome [22,23] or traumatic crush syn-
drome [24,25]. The ARI effects were mediated not
only by inhibition of sorbitol accumulation, but also
possibly suppression of pro-inflammatory reactions as
well as the improvement of other cellular signalling,
most of which are well documented in the lesions of
diabetic complications [8,9,21,26,27].

In this study, since the AR expression level was
not altered in ischaemic muscles, the accumulation

] Pathol 2010; 220: 530—541 DOI: 10.1002/path

of polyol was mainly attributed to an increased flux
of glucose. In fact, intracellular glucose uptake was
increased in hypoxic conditions in either heart [28,29]
or skeletal muscles [30], resulting in an increased flux
of the polyol pathway [12,13]. With the reflow of
oxygen, reactive radicals produce abundant aldehydes
that are favoured substrates of AR, enhancing the
activity of the polyol pathway [12,26,27]. As shown in
in vitro studies, AR gene activation by TNFa and NO
may also accelerate the polyol pathway flux [31,32].
Consequently, over-consumption of NADPH from the
increased conversion of glucose to sorbitol may result
in reduced synthesis of glutathione, yielding much free
radical formation [26,27]. Such a vicious cycle may

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by john Wiley & Sons, Ltd.
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Figure 8. Neutrophilic infiltration of kidney in experimental mice (naphthol-ASD-chloracetate-esterase staining). There was no
infiltration of neutrophils in mice without ischaemia (A). Ischaemia caused infiltration of neutrophils (arrows) in glomeruli and
interstitium (B), and this change was equivocally suppressed by ARI treatment (C). AR-KO mice did not show apparent infiltration
of neutrophils without ischaemia (D), whereas ischaemia caused only sparse infiltration of neutrophils (E). By quantitative analysis,
there was a significant increase in neutrophils in mice with hindlimb ischaemia and mice treated with the AR inhibitor showed a
trend for a decrease of neutrophils, although it was not significant (p = 0.1 1 versus untreated ischaemia-induced mice) (F). AR-KO
mice with hindlimb ischaemia also showed an increase in neutrophils compared with untreated AR-KO mice

operate in tissues under ischaemia—reperfusion injury,
but precise mechanisms are yet to be elucidated.
Involvement of the polyol pathway in ischaemia—
reperfusion injury has been well documented in the
heart [10,12,13], brain [14], and retina [15]. The
effects of ARI on the tissue damage in these studies
appear to be consistent with ours. Ischaemic necrosis
of cardiac muscles was well prevented by ARI and
transgenic mice overexpressing human AR showed
augmented cardiac damage [12,13]. In an ischaemic
heart, muscle damage was proposed to be mediated
by an enhanced JAK/STAT pathway elicited by an
altered NAD/NADH ratio caused by an increased flux
of sorbitol to fructose [32,33]. The redox changes of
NAD/NADH further induce PARP (polyADP-ribose

polymerase) activation, leading to cell death [9,12,34].
In this setting, inhibition of sorbitol dehydrogenase
was found to be effective in reducing the damage
[33]. More recently, Lo et al reported that AR-KO
mice were protected from ischaemic brain damage and
that ARI treatment reduced the size of the infarcted
area of the brain [14]. However, in their study, inhi-
bition of sorbitol dehydrogenase did not suppress
the brain damage [14]. Since we did not explore
the redox changes or examine the effects of sor-
bitol dehydrogenase inhibitor, it remains to be deter-
mined whether the latter half of the polyol pathway
or NAD/NADH alteration is meaningful in ischaemic
limb injury and the accompanying renal failure in our
model.

J Pathol 2010; 220: 530-541 DOI: 10.1002/path
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It is interesting to note that polyol products accu-
mulated in renal cortical tissues in mice with AKI.
ARI treatment inhibited renal cortical polyol accu-
mulation and the damage of renal tubular cells. It
has long been known that hindlimb ischaemia rapidly
induces extreme renal cortical ischaemia since the his-
torical documentation in a rabbit model by Trueta
in 1947 (cited from ref 35). Hence, the rescue of
renal failure in ARI-treated animals may well be
accounted for by the suppressive effects of ARI on
ischaemia-induced renal cortical damage. In addition,
however, it should also be taken into account that renal
failure in remote organ injury may be ascribed to
activated cytokines [36], free radicals [37], or necrotic
substances such as HMBG1 [38], released from
damaged tissues. Neutrophils and their products are
also implicated in AKI in ischaemia-induced hepato-
renal syndrome [37,39,40]. In our study, the cytokine
levels were well suppressed in ARI-treated mice but
not in mice post-treated with ARI, in spite of the
improvement of renal failure. This is in keeping with
Kaneko et al’s report that they could not find any
reduction of cytokine levels in a group with ischaemic
limb injury when treated with FGF2, although renal
failure was ameliorated [6].

In our study, treatment with ARI before the appli-
cation of ischaemic injury, similar to the AR-deficient
conditions, was found to be effective, whereas ARI
treatment after the onset of ischaemia was only par-
tially effective. Serum concentrations of glutathione
and cytokines were not suppressed in animals treated
with ARI 30 min after the onset of ischaemia despite
trends towards an improvement of renal failure. Hence,
once the tissue injury is initiated, the immediate
administration of ARI is essential to recover from the
renal failure.

It has been shown that there is not much differ-
ence in life expectancy or clinical behaviour between
untreated AR-KO and wild control mice, although
AR deficiency causes diabetes insipidus-like condi-
tions [16,41]. Nevertheless, AR-KO mice are known
to be protective for neuropathy in diabetes [16]. The
low mortality rate and less severe renal failure in
ischaemic AR-KO mice found in this study may
reinforce the implication of the polyol pathway in
ischaemic—hypoxic tissue injury [8,11]. Exacerbation
of ischaemic cardiac injury in mice overexpressing
human AR accords with the notion that AR is an
important determinant for the ischaemic renal injury
and consequent renal failure [12,13]. AR was recently
shown to be up-regulated more than twice in kid-
ney grafts after transplantation and graft survival was
improved with inhibition of this enzyme [42]. Follow-
ing these recent findings, the current results may pro-
vide a new concept that increased polyol pathway after
ischaemic injury is crucial for the tissue injury itself
as well as subsequent induction of acute renal fail-
ure. The intervention of this process by ARI would be
extremely useful for preventing such a life-threatening
condition and worth clinical evaluation.
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ORIGINAL ARTICLE

Neuropathy induced by exogenously administered
advanced glycation end-products in rats

Yusuke Nishizawa', Ryu-ichi Wada', Masayuki Baba?, Masayoshi Takeuch®, Chieko Hanyu-itabashi', Soroku Yagihashi'*

ABSTRACT

Aims/Introduction: Advanced glycation end- products (AGE) have been implicated in the development of diabetic neuropathy. It
still remains unknown, however, how AGE cause functional and structural changes of the peripheral nerve in diabetes. To explore
the role of AGE in diabetic neuropathy, we examined the peripheral nerve by injecting AGE into normal Wistar rats.

Materials and Methods: Young, normal male Wistar rats were injected intraperitoneally (ip) daily for 12 weeks with purified AGE
prepared by incubating D-glucose with bovine serum albumin (BSA). A control group received BSA alone. A group of rats given AGE
were co-treated with aminoguanidine (50 mg/kg/day, ip). Peripheral nerve function and structure, as well as nerve Na*K*-ATPase
activity, were examined in these rats. Immunohistochemical expressions of 8-hydroxy-2’-deoxyguanosife (80HdG) and nuclear factor-

kB (NF-xB)p65 were also examined.

Results: Serum AGE levels were increased two to threefold in the AGE-treated group compared with those in the BSA-treated
control group. AGE-treated rats showed a marked slowing of motor nerve conduction velocity (MNCV) and decreased nerve

Na* K*-ATPase activity compared with those in the BSA-treated group. These changes were accompanied by intensified expressions
of 80HdG and NF-kBp65 in endothelial cells and Schwann cells. Aminoguanidine treatment corrected MNCV delay, Na* K*-ATPase
activity, and suppressed the expression of 80HdG and NF-kB, despite there being no influence on serum AGE levels.
Conclusions: The results suggest that an elevated concentration.of blood AGE might be one of the contributing factors to the
development of neuropathic changes in diabetes. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2009.00002.x, 2010)

KEY WORDS: Advanced glycation end-products, Neuropathy, Oxidative stress

INTRODUCTION

Non-enzymatic glycation of structural proteins and the forma-
tion of advanced glycation end-products (AGE) have been
implicated in the pathogenesis of diabetic complications™?. The
peripheral nervous system is one of the major targets for
AGE-induced tissue damage. Human diabetic nerves exhibit an
excessive deposition of AGE that correlates with the severity of
pathological changes®. In addition to direct deleterious effects of
AGE, biological reactions of AGE binding with their recep-
tors for AGE (RAGE) exert tissue injury, resulting in charac-
teristic complications in diabetes"®. Recent studies disclosed
that upregulated RAGE expression in diabetes contributes to
nerve dysfunction and neuropathic symptoms>®, While RAGE
overexpression in diabetic mice accelerated the neuropathic
changes®, deletion of RAGE gene was found to protect the
progression of neuropathy in long-term hyperglycemia’, thus
implicating the role of AGE/RAGE interaction in the peripheral
nerve injury.
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Blood AGE concentrations are known to be elevated in dia-
betic patients®. Vlassara et al. showed that normal rats, when
injected with exogenous AGE, developed pathological lesions of
renal glomeruli or aortic walls, reminiscent of diabetic complica-
tions'>'". In fact, exposure of vessel tissues to AGE causes aug-
mented expression of cell adhesion molecules and vascular
endothelial growth factors (VEGF), as well as increased vascular
permeability' ', It is yet to be clear, however, if circulatory
AGE indeed influence peripheral nerve function and structure,
contributing to the establishment of neuropathy. In the present
study, we examined if the elevation of circulating AGE in rats
given exogenous AGE causes deleterious effects on peripheral
nerve tissues and if the induced changes are similar to those
described in diabetic neuropathy.

MATERIALS AND METHODS

Preparation of AGE-BSA

The method of AGE production and its purification was carried
out according to the description given by Vlassara et al'®'% In
brief, 1.6 g bovine serum albumin (BSA; Fraction V, Sigma,
St. Louis, MO, USA) was dissolved together with 3.0 g
D-glucose (Wako Chem, Osaka, Japan) in 10 mL of 0.5 M
sodium phosphate buffer (pH 7.4). The solution was deoxygen-
ated with nitrogen and sterilized by ultrafiltration (0.45 um fil-
ter) and incubated at 37°C for 90 days under aseptic conditions.
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After unincorporated sugar was removed by dialysis in 20 mM
sodium phosphate buffer (pH 7.4) containing 0.15 M NaCl, glu-
cose-modified high molecular weight materials were purified by
Heparin-Sepharose CL-4B (Amersham Pharmacia, Uppala,
Sweden) column chromatography and used as AGE-BSA. Endo-
toxin content in all samples was measured by Limulus amoebo-
cyte lysate assay (E-toxate, Sigma) and found to be less than
0.2 ng/mL. The AGE-BSA showed absorption and fluorescent
spectra identical to those reported previously (excitation
370 nm; emission 440 nm)">. Protein concentration was deter-
mined by the Bradford method using BSA as a standard™.

Animal Studies .

Four-week-old, male Wistar rats (160-180 g; Japan Clea, Osaka,
Japan) were used. After a 1-week adaptation period, they were
- divided into four groups (8-10 animals in each group) and
AGE was given by intraperitoneal (ip.) injection for 12 weeks
as follows: AGE-low group, 20 mg/kg/day of AGE; AGE-high
group, 200 mg/kg/day; AGE + aminoguanidine (AG) group,
20 mg/kg/day of AGE + 50 mg/kg/day of AG ip. (Wako
Chem). For comparison, control rats received BSA alone (BSA
group; 20 mg/kg/day BSA). Rats were monitored weekly for
bodyweight and biweekly for blood glucose. Blood samples were
obtained by tail snipping and fasting blood glucose concentra-
tions were measured by a glucose-oxidase method (Toecho
Super II, Kagawa, Japan). All animal experimentation followed
the guidelines of Hirosaki University (approval number
#M99023).

Tissue Preparation

Animals were killed under deep anesthesia with pentobarbital
sodium (50 mg/kg bodyweight ip., Abbot, Chicago, IL, USA)
after 12 weeks of AGE injection by cardiac withdrawal of blood.
Blood samples were used to determine AGE concentrations.
Thereafter, sciatic nerve tissues were excised and processed for
biochemical analysis for Na*,K*-ATPase activity, AGE content,
and structural analysis of myelinated nerve fibers and endoneur-
ial microvessels.

Table 1 | Laboratory data of experimental animals

Measurement of AGE Concentration

For measurement of tissue AGE, peripheral nerve tissues were
rinsed with phosphate buffered saline and finely minced with
scissors. Lipids were extracted with acetone/chloroform (1:1) by
shaking gently overnight at 4°C. Samples were then dried by
vacuum centrifugation and resuspended in 0.2 M NaPO4 buffer
(pH 7.4). After two rinses with methanol and distilled water, the
samples were transferred to HEPES buffer (Gibco, Grand Island,
NY, USA) with 0.01 M CaCL2 for 12 h. Then collagenase (type
VII, Sigma) was added at a 1:100 (w/w) ratio and the mixture
was incubated for 48 h at 37°C under mild shaking. One drop
of toluene was added to maintain sterility. Digested samples
were then centrifuged at 15000 g and clear supernatants
were examined fluorometrically with a spectrophotometer
(model 100-50; Hitachi, Tokyo, Japan) at specific excitation and
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Figure 1 | The results of motor nerve conduction velocity (MNCV)

in experimental animals. Compared with the levels of bovine serum
albumin (BSA)-treated animals, both the advanced glycation end-
products (AGE)-How (20 mg/kg/day) and the AGE-high (200 mg/kg/day)
groups showed a significant delay. The aminoguanidine-treated group
(AGE-AG) showed a significant improvement of MNCV. Each group
consisted of 8-10 animals.

Blood glucose (mmol/L)

Group Number Bodyweight (g) AGE

|nitial End Initial End Serum (AU/mL) Nerve (AU/prot)
BSA 8 172 £ 54 318 £ 50 479 + 029 461 + 045 206 + 037 0.13 £ 009
AGE-high 10 172 £ 63 329 £ 61 491 £ 039 478 + 053 6.15 £ 125%* 0.16 £ 0.12
AGE-ow 8 164 + 48 342 + 43 491 + 049 488 + 088 4334155 0.14 £ 0.10
AGE-AG 8 163 + 56 328 + 54 480 +£033 456 + 064 532 + 281* 0.14 £ 008

Values are mean = SD. *P < 001 vs BSA group, **P < 005 vs AGE-low group. Serum AGE levels were measured by ELISA assay using specific
antibodies against carboxymethyllysine. Nerve AGE levels were determined by the autofluorescence at the specific emission/excitation filters.
AG, aminoguanidine; AGE, advanced glycation end-products; BSA, bovine serum-albumin. AGE-high, rats treated with high-dose AGE (200 mg/kg)
injection for 12 weeks. AGE-low, rats treated with low-dose AGE (20 mg/kg) injection for 12 weeks. AGE-AG, rats treated with low-dose AGE with

aminoguanidine (50 mg/kg/day) for 12 weeks.
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Figure 2 | Ouabain-sensitive Na*K*-ATPase activity of the sciatic nerve
in experimental rats. Na* K*-ATPase activity was significantly reduced in
the advanced glycation end-products (AGE)How and the AGE-high
groups compared with the bovine serum albumin (BSA)-treated group.
The AGE-aminoguanidine (AG) group showed a slight but significant
improvement of this enzyme activity. Each group consisted of eight
animals.

emission 370/440 nm'”. AGE was expressed by the intensity of
fluorescence as arbitrary units per unit of protein content mea-
sured by the Bradford method'*,

Serum AGE levels were determined by a competitive
enzyme-linked immunoassay (ELISA) using specific antibodies
to carboxymethyllysine (CML) as described previously®2.
Briefly, test samples (50 pL) were added to each well as a com-
petitor for 50 pL of AGE antiserum (1:2000) or purified anti-
bodies (1:250-1:1500), followed by incubation for 2 h at room
temperature with gentle shaking on a horizontal rotary shaker.
Results were expressed as B/BO, calculated as (B/BO = experi-
mental OD — background OD)/(total OD — background OD).
The immunoreactivity of each fraction was read from the cali-
bration curve (CML-BSA) and was expressed as CML units
(AU/mL), with 1U corresponding to the amount of antibody
reactive material found in CML-BSA at a protein concentration
of 1 pg/mL.

Measurement of Na*,K*-ATPase Activity

For measurement of Na*,K*-ATPase activity, sciatic nerves were
excised and the perineurium was removed. The activity of
Na*,K"-ATPase of ouabain-sensitive fraction was determined by
the spectrophotometric enzymatic method as described™®.

4’
Figure 3 | Cross-sectional view of tibial nerves stained with toluidine
blue in experimental animals. Compared with the sections from

(a) bovine serupn albumin (BSA)-treated animals, advanced glycation
end-products (AGE)-treated animals showed interstitial edema

(b, AGE-high; ¢, AGE-low). (d) Aminoguanidine treated group (AGE-AG)
showed almost normal appearance.

© 2010 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd
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Motor Nerve Conduction Velocity

Motor nerve conduction velocity (MNCV) was examined in all
experimental animals. For these measurements, animals were
anesthetized with ether. Body temperature was kept constant at
37°C on a thermostatically-controlled heating mat, and was con-
tinuously monitored with an anal temperature probe. Using a
standard method, MNCV was measured in the left sciatic pos-
terior tibial nerve using an evoked response stimulator (MS92
electromyogram device; Medelec, London, UK)'®Y,

Morphometric Analysis

At the end of the experiments, the nght tibial nerves were
excised and fixed overnight at 4°C in 2.5% glutaraldehyde buf-
fered with 0.05 mmol/L sodium cacodylate (pH 7.3). The
samples were then postfixed in 1% osmium tetroxide and dehy-
drated through an ascending series of ethanol concentrations.
They were embedded in epon. One-micron thick semithin
transverse nerve sections were stained with toluidine blue. For
morphometric analysis, fascicular area, myelinated fiber density,
myelinated fiber number, fiber size and fiber occupancy were
measured at a magnification of X2000 by a computer-assisted
image analyzing system (NIH image, Version 1.6; NIH, Beth-
esda, MD, USA). The mean values of myelinated fiber size,
measured as the area delineated by the outer myelin border,
were calculated from at least 800 fibers randomly selected from
6-8 frames of each nerve fascicle. Fiber occupancy was calcu-
lated by dividing total fascicular area by the number of myelin-

ated fiber X mean fiber size in each rat. Tissues affected by
fixation artifacts were excluded from analysis.

To evaluate the changes of endoneurial microvessels, the
number of capillaries in each tibial nerve fascicle was counted
on semithin sections at a magnification of 1000 and expressed
as number of capillaries per unit area. For evaluation of endo-
neurial vascular changes, ultrathin sections were obtained with
ultramicrotome and stained with uranyl acetate and lead citrate.
They were examined by a JEOL 2000 electron microscope
(Nihon Denshi, Tokyo, Japan). Five to eight microvessels were
observed for the qualitative changes of endothelial cells and
morphometric analysis of vessels. Vascular area size, endothelial
cell area, luminal patency ratio relative to the whole vascular
area and basement membrane thickness were measured as pre-

viously described'®.

Immunocytochemistry

A midportion of the sciatic nerve was fixed in 10% forma-
lin overnight and embedded in paraffin. Four micron-thick
sections were deparaffinized with xylene and processed for
immunohistochemical evaluation of the expression of 8-hydroxy-
2'-deoxyguanosine (80HAG) and an activated form of nuclear
factor-kappa B (p65) (NF-xBp65). Antibodies to 8OHdAG
(N45.1, mouse monoclonal; JICA, Nihon-Yushi, Shizuoka,
Japan) and NF-xBp65 (rabbit polyclonal; Santa Cruz Biotech-
nology, San Francisco, CA, USA) were obtained commercially.
Before the application of the primary antibody, deparaffinized

Table 2 | Morphometric analysis of myelinated fibers in tibial nerve of experimental animals

Group n Total fascicular Myelinated fiber Myelinated fiber Mean fiber Index of Mean fiber
area (mm?) density #mm?) number (#/fasc) size (um?) circularity occupancy (%)
BSA 6 0.19 £ 003 10 583 + 1010 2047 + 339 516 + 28 088 + 001 540 £ 52
AGE-high 6 020 + 004 9619 + 1350 1987 + 602 468 + 5.1 091 £ 003 448 + 63*
AGE-low 6 0.17 £ 003 10050 + 1314 1674 + 437 486 + 56 089 + 001 484 + 5.1
AGE-AG 6 0.19 £ 003 11 160 + 1006 2058 + 199 ) 472 + 4.1 089 + 000 524 + 2.7

Values are mean + SD. *P < 001 vs BSA group

AG, aminoguanidine; AGE, advanced glycation end-products; BSA, bovine serum albumm AGE-high, rats treated with high-dose AGE (200 mg/kg)
injection for 12 weeks. AGE-low, rats treated with low-dose AGE (20 mg/kg) injection for 12 weeks. AGE-AG, rats treated with low-dose AGE with
aminoguanidine (50 mg/kg/day) for 12 weeks.

Table 3 | Morphometric analysis of endoneurial microvessels in tibial nerve of experimental animals

Group n Vascular Average vascular  Endothelial  Luminal Basement membrane  Vacuolar changes  Vacuolar
density (#mm?  area (um? area (um?)  patency ratio  thickness (um) of endothelial cells  mitochondria
BSA 6 616147 230+ 95 317 +£163 043 +0.12 145+ 070~ 087 £ 032 240 + 146
AGE-high 6 607 +154 148 £ 11 240 + 164 045 + 007 136 + 047 250 £ 081* 430 £ 227*
AGElow 6 707 £ 235 181 £ 12 307 £214 050 + 006 127 £ 054 171 + 040" 275 £ 043
AGE-AG 6 741 +217 212 £ 34 349 £ 531 051 £004 132 £ 049 106 + 028%* 251+ 075

Values are mean + SD. *P < 001 vs BSA group, **P < 005 vs AGE-low group.

AG, aminoguanidine; AGE, advanced glycation end-products; BSA, bovine serum albumin. AGE-high, rats treated with high-dose AGE (200 mg/kg)
injection for 12 weeks. AGE-low, rats treated with low-dose AGE (20 mg/kg) injection for 12 weeks. AGE-AG, rats treated with low-dose AGE with
aminoguanidine (50 mg/kg/day) for 12 weeks.
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Figure 4 | Electron microscopic view of endothelial cells in experimen-
tal animals. (a) In normal rats, endothelial cells were flat, tightly adhered
to neighboring cells. The endothelial cells in advanced glycation
end-products (AGE)-treated animals (b, AGE-high and ¢, AGE-low) were
swollen (double arrows) and contained many vacuolated bodies derived
from mitochondria (arrow). (d) These changes were less prominent in
aminoguanidine-treated animals (original magnification x8000).

sections were pretreated with microwave irradiation (Milestone
Stl., Sorrisole, Italy) for 3 x 5 times in citrate buffer for antigen
retrieval. Antibodies to 80HdG and NF-kBp65 were then
applied to the sections overnight at 4°C. The sections were then
incubated with secondary biotinylated antibody and streptavi-
din-biotin reagent (Histofine SAB-PO kit; Nichirei, Tokyo,
Japan). The antigen-antibody complex was visualized by 3,3’-
diaminobenzidine. For the objective evaluation, four samples
from each animal group were mounted on a single slide and
stained under the same conditions. Clear nuclear positive reac-
tions of 8OHAG and NF-xBp65 were identified as positive. The
frequency of positive cells was expressed as a percentage of total
nuclei. At least 200-350 cells were counted in each section.
Tissue sections affected by artifacts were discarded for analysis.

Statistical Analysis

Results were expressed as mean + SD. Comparisons were made
using a one-way ANOv4, followed by post-hoc Bonferroni’s cor-
rections. Unpaired Student’s t-test was used for the comparison
between AGE-low and AGE-AG groups. Statistical significance
was considered when P-values were <0.05.

RESULTS

Bodyweight and Blood Glucose Level

During the observation period, fasting blood glucose and mean
bodyweight were not significantly different among all the groups
(Table 1). No animals died during the experiment.

AGE Concentrations in Serum and Nerve

The mean AGE concentration as reflected by CML values in
serum was 2.1 and 3.0-fold higher in the AGE-low and the
AGE-high groups, respectively, compared with those in the BSA
group (P < 0.01 for both). AG treatment did not significantly
influence the values of AGE in the serum (Table 1). Tissue con-
centration of AGE in the sciatic nerve determined by autofluo-
rescence did not differ among the groups.

Motor Nerve Conduction Velocity

At the end of the experiments, AGE-treated rats showed slowed
motor nerve conduction velocity (MNCV; Figure 1). The AGE-
low group showed 14% decrease in average MNCV compared
with BSA-treated animals (P < 0.01). This decrease was further
augmented to 26% in the AGE-high group (P < 0.01 vs both
BSA group and AGE-low dose group). AG treatment signifi-
cantly improved the slowed MNCV (P < 0.05 vs AGE-low

group).
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agure 5 | Cross-sectional view of immunostained sections with
8-hydroxy-2"-deoxyguanosine (80OHdG). (a) There were only a few cells
faintly stained in the bovine serum albumin (BSA)-treated group. By
contrast, clear positive reactions were shown in the nuclei of endothelial
cells and Schwann cells in (b) the advanced glycation end-products
(AGE)-high and (c) the AGE-ow group. (d) Aminoguanidine-treated
group (AGE-AG) showed a reduction of cells with positive reactions.

Na*,K*-ATPase Activity

Ouabain-sensitive Na*K*-ATPase activity in AGE-treated ani-
mals was significantly decreased (Figure 2). The AGE-high
group showed 40% reduction (P < 0.01 vs BSA group) and
the AGE-low group showed 33% reduction (P < 0.01 vs BSA
group). There was no significant difference between the AGE-

low and AGE-high groups’ levels. AG treatment significantly
improved this reduction by 60% (P <005 vs AGE-low

group).

Nerve Structure
On tibial nerve cross sections, AGE-treated animals showed
interstitial edema (Figure 3). AG treatment appeared to prevent
the edema (Figure 3). There was no significant difference, how-
ever, in mean total fascicular area, myelinated fiber density,
myelinated fiber number and mean myelinated fiber size
between AGE-treated animals and the controls, although there
was a trend toward smaller values of average myelinated fiber
size in the AGE-high group (P = 0.10, AGE-high vs BSA group)
(Table 2). By contrast, the fiber occupancy was significantly
reduced in the AGE-high group compared with the BSA group
(P < 0.05), indicating the presence of endoneurial edema in the
AGE-high group. The differences between the AGE-low group
and the BSA group, or between the AGE-low group and the
AG-treated group were not significant, although average values
were decreased in the AGE-low group (P = 0.09, AGE-low vs
BSA group; P = 0.13 AGE-low vs AGE + AG group).
Vascular density, mean vascular area, endothelial area, lumi-
nal patericy, rate and basement membrane thickness did not
differ among the groups (Table 3). However, vacuolation of
cytoplasm and mitochondria was frequently observed in the
endoneurial microvessels in animals treated with AGE-high
(Figure 4), and AG-treatment inhibited such changes (Figure 4
and Table 3).

Immunohistochemistry of 8 OHdG and NF-kB (p65)

Immunohistochemical staining showed clear evidence of oxida-
tive stress related DNA injury in AGE-treated nerves showing
positive nuclear reactions of 80HdG (Figure 5). In the AGE-
high group, positive reactions were found in the nuclei of endo-
thelial cells of endoneurial microvessels and Schwann cells. The
AGE-low group also showed scattered cells positive for SOHdG.
The expression of 80HdG was significantly inhibited in
AG-freated rats. Quantitation of positive cells confirmed these
findings (Table 4). Positive reactions of NF-xBpé65 in the nuclei
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Table 4 | Quantitative analysis of positive reactions to 8-hydroxy-2- a
deoxyguanosine and nudear factor kappa-B in the sciatic nerve of
experimental animals

Group n 8-hydroxy- Activated nuclear
2’'-deoxuguanosine (%) factor-xB (%)

BSA 6 34+ 10 20+ 06
AGE-high 8 235 + 8% 75 + Q7%
AGE-ow 6 125 + 28* 52 + 06*
AGE-AG 6 28+ 12" 18 + Q5™

Values are mean + SD. *P < 0.01 vs BSA group, *P < 001 vs AGE-low

group, ***P < 005 vs AGE-low group.

AG, aminoguanidine; AGE, advanced glycation end-products; BSA,

bovine serum albumin. AGE-high, rats treated with high-dose AGE

(200 mg/kg) injection for 12 weeks. AGE-low, rats treated with low-dose b

AGE (20 mg/kg) injection for 12 weeks. AGE-AG, rats treated with : &
low-dose AGE with aminoguanidine (50 mg/kg/day) for 12 weeks. L g

were also detected in the AGE-treated groups more commonly
than in the BSA group (Figure 6 and Table 4). AG treatment >
suppressed this reaction. $5i

DISCUSSION

The current study showed that elevated systemic AGE concen-

trations caused functional, biochemical and structural changes

in the peripheral nerves of rats. The features are comparable

to the neuropathic changes encountered in diabetic animal

models'®?!, Because AGE accumulation was not detected in ¢

peripheral nerve tissues in AGE-injected animals, the above :

neuropathic changes are likely to be mediated not by direct

AGE reactions on the nerve fibers, but by the exposure of

microvessels to exogenous AGE, thus eliciting endoneurial ische- T

mia and altered vascular permeability. Because endoneurial .

microvessels did not show significant morphometric changes et

comparable to those found in diabetes, such as basement mem-

brane thickening or alterations of vascular lumina, it appears

that functional alterations of microvessels precede structural

changes without accumulation of tissue AGE. The findings are

consistent with reports which described effects of exogenously

administered AGE on renal glomeruli and aortic tissues,

recapitulating diabetic glomerulosclerosis or atheroma plaque

formation'®', g
Elevation of serum AGE is not limited to diabetic patients, as

it is also detected in uremic patients” >, Acceleration of vascu-

lar injury or worsening of chronic complications in diabetic

«.
Figure 6 | Cross-sectional view of immunostained sections with nuclear
factor-kappaB (NF-xB). (a) There was no dlear positive reaction in the
bovine serum albumin (BSA)-treated group. (b) By contrast, some nudlei
of endothelial cells and Schwann cells in the advanced glycation end-
products (AGE)-high group were definitely positive for NF-kB. (c) The
reaction in the AGEHow group was equivocal. (d) Aminoguanidine-
treated group (AGE-AG) did not show apparent positive reaction.
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patients with uremia might be attributed not only to hypergyce-
mia but also to the toxic effects of AGE. The current findings
further extend the contention that the severe delay in MNCV in
uremic patients can be ascribed to elevated AGE concentrations
in the blood®®*”. The improvement of MNCV in uremic
patients after dialysis of hemodiafiltration might be related to
the decrease in AGE levels®. The dose-dependent severity of
neuropathy in our AGE-injected animals might further indicate
the importance of monitoring on the serum AGE concentration
as a predictor for complications.

In the present study, we used BSA-derived AGE due to the
availability of large amounts of AGE. One may wonder if the
. effects might be confounded by immunological reactions as a
result of species difference. This is unlikely, because BSA-treated
animals did not show apparent neuropathic changes. AGE con-
stitute various chemical structures which show fluorescence
or non-fluorescence. We confirmed that our AGE contained
structures reactive to antibodies to both CML and non-CML,
including imidazole or carboxyethyllysine (data not shown)®.
Takeuchi et al. found that AGE derived from glyceraldehydes
were toxic to neuronal cells and Schwann cells in vitro, causing
apoptosis with activation of NF-«Bp65, whereas CML did not
show any deleterious effect’®". It was also shown that glyceral-
dehyde-derived AGE have a strong affinity to RAGE™. Because
we did not examine the effects of pretreatment with antibodies
to specific components of AGE before injecting AGE, it was not
possible to identify which component of AGE was the cause for

neuropathic changes. Use of a specific type of AGE might clarify

which component of AGE is most injurious to nerve tissues in
future studies.

Most of the neuropathic changes we found in the present
study might be accounted for by endoneurial vascular dysfunc-
tion caused by exogenous AGE. It has well been shown that
neurovascular dysfunction is implicated in the early neuropathic
changes in diabetic animal models”>°. In the diabetic condi-
tion, various metabolic cascades induced by hyperglycemia
including polyol pathway, protein kinase C activity and oxida-
tive stress as well as non-enzymatic glycation, all operate for the
vascular impairment®>°, In the current study, we can assume
that exposure of endothelial cells to AGE first exerts proinflam-
matory reactions of endoneurial vessels with enhanced expres-
sion of vasoactive substances, expression of cell adhesion
molecules for leukocytes such as vascular cell adhesion molecule
(VCAM) or intercellular cell adhesion molecule (ICAM), or
secretion of -cytokines such as tumor necrosis factor alpha
(TNFa) or VEGF??. Oxidative stress is also generated after
exposure of endothelial cells to AGE”?®. As a consequence, the
nerve tissues might be followed by endoneurial ischemia with
hyperpermeable milieu, resulting in reduced Na*.K*-ATPase
activity and MNCV. This contention might be in part supported
by a high expression of 80HdG and NF-kBp65 in endothelial
cells and Schwann cell nuclei detected in AGE-treated animals.
The vacuolated cytoplasm and mitochondria frequently detected
in AGE-treated animals might be in keeping with this view.

Recent studies using RAGE transgenic mice showed that the lev-
els of RAGE expression are important for the nerve tissue injury
and sensory impairments through activation of NF-kBp65 in
the diabetic condition®”.

In the present study, aminoguanidine effectively corrected
MNCYV and Na*,K*-ATPase activity. These effects are consistent
with the results on the in vivo effects of AG or OPB 9195 on
neuropathic changes in diabetic rats'> 7>, In these studies,
tissue or serum AGE levels were significantly inhibited by treat-
ment with these compounds, together with inhibition of
80HAG expressions'>™"”. Interestingly, in the present study, we
could not find any decrease of serum AGE in AG-treated ani-
mals, suggesting that the effects of AG were mediated by the
inhibition of biological reactions of AGE/RAGE, thereby reduc-
ing oxidative stress and proinflammatory reactions. It should be
cautioned, however, that aminoguanidine effects might also be
ascribed to its direct inhibitory action of inducible NO synthase
that can be induced by AGE*..

In summary, the present study confirmed that AGE is a
potent inciting factor for the development of neuropathy, and
the inhibition of AGE/RAGE interaction might be a right target
for the future treatment of diabetic neuropathy.
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