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Abstract. Purpose: Cardiac scintigraphic studies using
123I-labeled metaiodobenzylguanidine ([123I]MIBG) have
demonstrated heterogeneous myocardial accumulation of
MIBG in diabetes. The accumulation has been found to
correlate with a heterogeneous decrease in the expression
of norepinephrine transporter (NET). In diabetic peripher-
al nerve tissue, polyol pathways are activated and cause
nerve dysfunction and degeneration. However, there has
been little research on the polyol pathway and cardiac sym-
pathetic nerves. Therefore, to assess the influence of the
polyol pathway on cardiac sympathetic nervous function,
we investigated the regional accumulation of MIBG and
NET protein expression in diabetic model rats treated with
aldose reductase inhibitor (ARI) for the blockade of polyol
pathways.
Methods: Rats were given a single intravenous injection of
streptozotocin (n=76, STZ-D rats). Starting the day after
STZ injection, ARI was administered daily to 42 of the rats
for 4 weeks (ARI-D rats). To assess the cardiac sympathet-
ic nervous function, [125I]MIBG autoradiographic experi-
ments were carried out. Finally, NET protein expression
was assessed with a saturation binding assay.

Results: The myocardial sorbitol concentration was sig-
nificantly higher in STZ-D rats than in ARI-D rats. There
was no heterogeneous accumulation of MIBG in ARI-D
rats. There was a heterogeneous decrease of NET expres-
sion in STZ-D rats, but not in ARI-D or control rats.
Conclusion: The gathered data indicate that the enhanced
polyol pathway correlates with the decrease in regional
cardiac sympathetic nervous function, and this impairment
may lead to the reduction of NET protein in cardiac sym-
pathetic nerves of the diabetic inferior wall.
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Introduction

The use of 123I-labeled metaiodobenzylguanidine ([123I]
MIBG), a radiolabeled analogue of norepinephrine (NE),
has been introduced for visualization of denervation of the
heart [1–3]. Cardiac scintigraphic studies using [123I]MIBG
have demonstrated heterogeneous abnormalities in cardiac
MIBG accumulation in diabetes, starting in the inferior
segments, with the progression of neuropathy [4–7]. In
diabetic peripheral nerves, the activity of the polyol path-
way increases. In this pathway, glucose is reduced to sor-
bitol by aldose reductase (AR) and subsequently sorbitol is
metabolized to fructose via sorbitol dehydrogenase. The
accumulation of sorbitol and/or fructose has been reported
to lead to nervous degeneration and/or dysfunction in dia-
betic peripheral sites [8–10]. However, there has been little
research on the polyol pathway and cardiac sympathetic
nerves in the myocardium. Using type I and type II diabetic
model rats, we have recently shown that the decrease in
MIBG accumulation in the inferior segments correlates
with a decrease in the level of norepinephrine transporter
(NET), a carrier protein transporting MIBG into sympa-
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thetic nerve terminals, and is not dependent on regional
myocardial blood flow or NE concentration [11, 12].

Against this background, we aimed to investigate
whether the polyol pathway influences cardiac sympathetic
nervous function. In previous studies on the influence of
the polyol pathway, the pathway has been blocked by an
aldose reductase inhibitor (ARI), an inhibitor of the rate-
limiting enzyme of the polyol pathway [8, 13]. For the
purpose of this study, we investigated regional (anterior
and inferior wall) concentrations of sorbitol, which is syn-
thesized from glucose by AR, regional accumulation of
MIBG, and regional NET expression in cardiac sympa-
thetic nerves in ARI-administered streptozotocin (STZ)-
induced diabetic model (ARI-D) rats.

Materials and methods

Chemicals

[125I]MIBG (17.28 TBq/mmol) was supplied by Daiichi Radioiso-
tope Laboratories (Tokyo, Japan). [3H]desipramine (2.96 TBq/mmol)
was purchased from PerkinElmer Life Science (Boston, USA).
Epalrestat, an aldose reductase inhibitor, was supplied by Ono
Pharmaceutical Co., Ltd. (Osaka, Japan). All other chemicals used
were of reagent grade.

Animals

Animal experiments were conducted in accordance with our insti-
tutional guidelines, and the experimental procedures were approved
by the Kyoto University Animal Care Committee.

Seventy-six male Sprague-Dawley rats (6 weeks old, weighing
160–200 g; Japan SLC, Hamamatsu, Japan) were given a single
intravenous injection of STZ (55 mg/kg body weight) via the tail
vein. STZ was dissolved in 0.05M citrate buffer at a concentration of
100 mg/ml. Age-matched control rats (n=36) were administered the
citrate buffer solution only. Starting on the day after STZ injection,
epalrestat (100 mg/kg body weight) was administered daily through a
gastric tube to 42 of the 76 STZ-injected rats for 4 weeks (ARI-D
rats). Epalrestat was suspended in a solution of 0.5% carboxymeth-
ylcellulose at a concentration of 10 mg/ml. All rats were housed for 4
weeks and given food and water ad libitum. Blood samples were
collected on the day of the experiment, and serum glucose levels
were measured by the glucose oxidase method (Glucose B-Test
Wako, Wako Pure Chemical Industries, Osaka, Japan).

Measurement of sorbitol concentration

Sorbitol was measured as described previously with modifications
[14]. Rats were sacrificed by decapitation under light ether anesthe-
sia. Their hearts were excised and the ventricles were divided into
four parts: anterior, lateral, inferior, and septal walls. The anterior and
inferior walls were homogenized in 10 volumes of 8% HClO4 with a
30-s burst in a Polytron PT10-35 set at speed 6. Homogenates were
centrifuged at 1,500×g for 10 min. Pellets were discarded and the
supernatant was neutralized with 2 N K2CO3. Then, the neutralized
mixtures were centrifuged at 1,500×g for 10 min and supernatants
were filtered. Protein-free filtrate, 125 μl, was added to a reaction

mixture, which consisted of 100 μl of 0.25 mM glycine buffer (pH
9.5), 25 μl of 12 mM nicotinamide adenine dinucleotide (NAD), and
5 μl of 22 U/ ml of sorbitol dehydrogenase (SDH). Blanks, with
either filtrate, NAD, or SDH deleted, were routinely run simulta-
neously. The mixtures were incubated for 40 min at 30°C. Then the
relative fluorescence due to NADH was measured by a FLEXstation
(Molecular Devices, CA, USA) with an excitation wavelength of
350 nm and an emission wavelength of 440 nm.

Ex vivo autoradiographic studies in rats

STZ-D rats (n=5), ARI-D rats (n=5), and control rats (n=5), all 10
weeks old, were intravenously injected with 3.7 MBq of [125I]MIBG.
Then, 180 min after the injection, the rats were sacrificed by de-
capitation under light ether anesthesia, and their hearts were quickly
excised, frozen, and cut into sections 20 μm thick using a cryostat.
The sections were thaw-mounted on precleaned silane-coated slides.
The slides were placed on a Fuji Imaging Plate (BAS-UR, Fuji Photo
Film, Japan) for 24 h along with calibrated 125I-labeled external
standards ([125I]Microscales, Amersham, UK) to obtain [125I]MIBG
autoradiograms. Densitometric analyses of the autoradiograms were
performed using a Bio Imaging Analyzer (BAS3000, FUJIFILM,
Tokyo, Japan). The results regarding the uptake of radioactivity into
various myocardial regions were expressed as the distribution ab-
sorption ratio (DAR), an index of radioligand accumulation corrected
by body weight [15]. DAR values were derived from the following
equation: DAR = (radioactivity of tissue/g of tissue)×(body weight/
total injected dose).

[3H]Desipramine binding studies

Membrane preparations for binding assays were prepared as de-
scribed previously [11, 12]. Rats were sacrificed by decapitation
under light ether anesthesia. Their hearts were excised and the
ventricles divided into four parts: the anterior, lateral, inferior, and
septal walls. For each assay, 8–11 anterior and inferior walls were
pooled and three experiments were performed. The anterior and
inferior walls were homogenized in 20 volumes of ice-cold 250 mM
sucrose buffer (5 mM Tris, 1 mM MgCl2, and 250 mM sucrose) with
a 30-s burst in a Polytron PT10-35 set at speed 6. Homogenates were
centrifuged at 750×g for 10 min. Pellets were discarded and the
supernatant recentrifuged at 20,000×g for 20 min. The resulting
pellets were resuspended in 10 volumes of ice-cold 50 mM Tris-HCl
buffer (50 mM Tris, 5 mM KCl, and 120 mM NaCl, pH 7.4) and
recentrifuged to obtain a pellet. Pellets thus obtained were resus-
pended in 5 volumes of Tris-HCl buffer and stored at −80°C prior to
use. Protein concentrations were measured by the method of Lowry
et al. [16].

Binding assays were performed as described previously with
some modifications [11, 12]. Briefly, [3H]desipramine binding was
determined by incubating aliquots of membrane suspension with
[3H]desipramine (0.25–30 nM) in a final volume of 250 μl for 30 min
at 25°C. The binding was terminated by diluting the incubation
mixture with 5 ml of ice-cold 50 mM Tris-HCl buffer (pH 7.4) and
filtering it through Whatman GF/B fiber filters using a 24-channel
cell harvester (Brandel, Gaithersburg, MD, USA). Finally, the filters
were rinsed three times, each time with 5 ml of ice-cold 50 mM Tris-
HCl buffer (pH 7.4). The radioactivity trapped by the filters was
determined with a liquid scintillation counter (Tri-Carb 2500-TR
Liquid Scintillation Analyzer, Packard). Nonspecific binding was
defined using 100 μM nisoxetine.
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Statistical analyses

Data are presented as mean values with SD. Comparisons within
groups were performed using Student’s t -test for paired data, and
comparisons between groups were analyzed by one-way ANOVA,
followed by the Tukey–Kramer multiple comparisons test. P<0.05
was considered statistically significant.

Results

Characteristics of animals

Table 1 summarizes the body weight, heart weight, and
plasma glucose levels of the rats used in this study. These

physiological parameters were significantly different in
STZ-D rats and ARI-D rats compared with control rats (P<
0.001). There was no significant difference between STZ-
D and ARI-D rats.

Sorbitol concentration

To investigate the effects of epalrestat, we measured sor-
bitol concentrations in the anterior and inferior walls. As
shown in Table 2, sorbitol concentrations in both walls in
STZ-D rats were significantly higher than in control rats
(P<0.001). However, there was no significant difference in
the sorbitol concentrations in either the anterior or the in-
ferior wall between the ARI-D and control rats.

Ex vivo autoradiographic studies

To investigate the influence of the polyol pathway on
cardiac sympathetic nervous function, we performed [125I]
MIBG autoradiographic studies. Due to the large differ-
ences in body weight between the control and diabetic
groups (STZ-D and ARI-D), we estimated the accumula-
tion of radioligands as a DAR.

Figure 1 shows representative autoradiograms in con-
trol, STZ-D, and ARI-D rats. Table 3 shows the results in
respect of regional myocardial accumulation of [125I]
MIBG in the three groups. The uptake of [125I]MIBG in
control rats was similar between the anterior and the in-
ferior wall. By contrast, in STZ-D rats, significantly less
[125I]MIBG was taken up in the inferior wall than in the
anterior wall (P<0.001). There was no significant differ-
ence between the anterior and inferior walls in ARI-D rats,
and the ratio of inferior wall to anterior wall uptake in ARI-
D rats remained at the control level (control 1.00 ± 0.07,
STZ-D 0.75 ± 0.08, ARI-D 1.11 ± 0.10).

Binding experiments

We determined the density of NET in myocardial mem-
branes from the control, STZ-D, and ARI-D rats by ana-

Table 2. Regional sorbitol concentration (nmol/g tissue) in rat
myocardium

Anterior wall Inferior wall

Control rats (n=5) 8.84 ± 1.63 6.31 ± 1.17***

STZ-D rats (n=5) 194 ± 36* 218 ± 37*,***

ARI-D rats (n=5) 41.0 ± 13.4** 40.7 ± 13.4**

Each value is the mean ± SD
*P<0.001 vs corresponding value of control rats
**P<0.001 vs corresponding value of STZ-D rats
***P<0.05 vs corresponding value of the anterior wall

Fig. 1. Representative autora-
diograms for [125I]MIBG in
control, STZ-D, and ARI-D rats.

Table 1. General characteristics of experimental animals

Control rats
(n=36)

STZ-D rats
(n=34)

ARI-D rats
(n=42)

Body weight (g) 303 ± 10 185 ± 33* 181 ± 35*

Heart weight (g) 0.94 ± 0.08 0.60 ± 0.10* 0.56 ± 0.09*

Plasma glucose
(mg/dl)a

142 ± 22 504 ± 84* 492 ± 73*

Each value is the mean ± SD
*P<0.001 vs corresponding value of control rats
aEach value is the mean ± SD for 20 rats
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lyzing the binding of [3H]desipramine to the membranes.
The specific binding of [3H]desipramine was saturable in
the range of 0.25–30 nM in the three groups. Scatchard
analyses gave straight lines in all groups, indicating a sin-
gle population of binding sites. The Bmax was lower in the
inferior wall than in the anterior wall in STZ-D rats (P<
0.05). On the other hand, there was no significant differ-
ence between the anterior and inferior walls in the control
or ARI-D rats (Table 4).

Discussion

It has been reported that the myocardial accumulation of
[123I]MIBG is lower than normal in diabetic patients, and
that the decrease is greater in the inferior wall than in the
anterior wall [5–7]. Recently, we demonstrated that the
heterogeneous decrease in NET correlates with the hetero-
geneous accumulation of [123I]MIBG [11, 12].

On the other hand, it has been reported that in diabetic
peripheral nerves, the accumulation of sorbitol, which is
synthesized from glucose by AR, increases with a subse-
quent depletion of myo-inositol [17, 18]. This depletion
leads to a reduction in the availability of diacylglycerol [19,
20], resulting in decreased neural PKC activity. Diminished
PKC activity reduces the phosphorylation of Na+/K+-
ATPase, which in turn induces a deficit in nerve conduc-
tion and further nerve degeneration [10, 21, 22]. However,
there has been little research on the polyol pathway and
cardiac sympathetic nerves. Therefore, in this study, to
elucidate the influence of the polyol pathway on cardiac
sympathetic nervous function, we investigated regional
(anterior and inferior walls) MIBG accumulation and NET

expression in diabetic rats treated with epalrestat, an AR
inhibitor (ARI-D rats).

The sorbitol concentrations of control rats were similar
to those cited in a previous report [23]. In STZ-D rats, the
sorbitol concentrations were more than 20 times higher
than in the control values (Table 2). Furthermore, the sor-
bitol concentration of the inferior wall was significantly
higher than that of the anterior wall (P<0.05). On the other
hand, in ARI-D rats, the sorbitol concentrations were sup-
pressed to one-fifth of those of STZ-D rats (Table 2). These
results indicate that epalrestat inhibits the activation of the
polyol pathway in diabetic myocardium.

To study the influence of the polyol pathway on cardiac
sympathetic nervous function, we carried out ex vivo
autoradiographic experiments with [125I]MIBG. The up-
take of [125I]MIBG in control rats was similar in the
anterior and inferior walls (Table 3). In contrast, signif-
icantly less [125I]MIBG was taken up in the inferior wall
than in the anterior wall in STZ-D rats (Table 3). Moreover,
there was no significant difference between anterior and
inferior wall uptake in ARI-D rats. These results show that
the cardiac sympathetic nervous function was impaired by
the polyol pathway in diabetes, and this impairment was
prevented by the blockade of the polyol pathway.

To elucidate the cause of the reduced sympathetic ner-
vous function in the inferior wall of STZ-D rats, the ex-
pression of NET, which is located presynaptically on the
noradrenergic nerve terminal and plays a critical role in the
regulation of the synaptic NE concentration [24], was
assessed by determining the Bmax values of both anterior
and inferior walls in the three groups. In control rats, there
was no significant difference in the Bmax value between the
anterior and inferior walls (Table 4). In contrast, the Bmax

value was significantly lower for the inferior wall than the
anterior wall in STZ-D rats, while there was no significant
difference in Bmax value between the anterior and inferior
walls in ARI-D rats (Table 4). These results indicate that
the polyol pathway has an influence on regional NET pro-
tein expression in cardiac sympathetic nerves.

It has been reported that the activated polyol pathway
leads to nerve degeneration and/or dysfunction via a re-
duction of PKC activity [19–22]. Moreover, Addicks et al.
[25] demonstrated a decrease in the number of sympathetic
nerve fibers and severe structural abnormalities of sympa-
thetic nerves in myocardium of diabetic model rats. There-
fore, the decreased NET expression may be due to the
sympathetic nervous dysfunction or the loss of sympathetic
nerve fibers. On the other hand, it has also been reported
that in diabetes the activated polyol pathway leads to the
activation of PKC [26–28] and that PKC regulates the
surface expression of NET [29–31]. Thus, there is a pos-
sibility that this PKC activation decreased the NET expres-
sion. Further studies concerning PKC activity in cardiac
sympathetic nerves are required.

The gathered data indicate that the enhanced polyol
pathway correlates with the decrease in regional cardiac
sympathetic nervous function, and that this impairment
may lead to reduction of NET protein in the cardiac sym-
pathetic nerves of the diabetic inferior wall.

Table 3. Regional myocardial accumulation of [125 I]MIBG in rats

Anterior wall Inferior wall

Control rats (n=5) 4.20±0.30 4.18±0.39
STZ-D rats (n=5) 4.39±0.30 3.27±0.38*

ARI-D rats (n=5) 3.63±0.74 4.04±0.85

Each value is the mean ± SD
*P<0.001 vs the anterior wall value of STZ-D rats

Table 4. Bmax values of regional rat heart

Anterior wall
(fmol/mg protein)

Inferior wall
(fmol/mg protein)

Control rats 673±125 682±130
STZ-D rats 698±91 590±64*

ARI-D rats 688±59 697±30

The maximal specific binding, Bmax, was calculated by Scatchard
analysis The results are the mean ± SD of three experiments, each
performed in triplicate
*P<0.05 vs the anterior wall value of STZ-D rats
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