
16. Cordobes MD, Starzec A, Delmon-Moingeon L, et al. Technetium-99m-sestamibi
uptake by human benign and malignant breast tumor cells: correlation with mdr gene
expression. J NucI Med I996;37:286â€”289.

17. Piwnica-Worms D, Chiu ML, Budding M, Kronauge JF, Kramer RA, Croop JM.
Functional imaging of multidrug-resistant P-glycoprotein with an organotechnetium
complex.CancerRes I993;53:977â€”984.

18. Harary I, Farley B. In vitro studies on single beating rat heart cells. Exp Ceil Ret
1963;29:451â€”465.

19. Blondel B, Roijen I, Cheneval JP. Heart cells in culture: a simple method for increasing
the proportion of myoblasts. E.xper 197 l;27:356â€”358.

20. Hill BT, van der GraafWTA, Hosking LK, de Vries EGE, Mulder NH, Whelan RDH.
Evaluation of 59788 as a modulator of drug resistance against human tumour sublines
expressing differing resistance mechanism in vitro. mt J Cancer I993;55:330â€”337.

21 . Huet S, Chapey C, Robert J. Reversal ofmultidrug resistance by a new lipophilic cationic
molecule, 59788. Comparison with I I other MDR-modulating agents in a model of
doxorubicin-resistant rat glioblastoma cells. Eur J Cancer I993;I0:I377â€”1383.

22. Ballinger JR. Banneman J, Boxen I, et al. Accumulation of Tc-99m tetrofosmin in
breast tumour cells in vitro: role of multidrug-resistance P-glycoprotein [Abstract].
J NuclMed 1995;36:202P.

23. Maublant J, Gachon P. Mains N. Hexakis (2-methoxyisobutylisonitrile) technetium
99m and thallium-201 chloride: uptake and release in cultured myocardial cells. J Nucl
Med I988;29:48â€”54.

24. Dana K. Active outward transport of daunomycin in resistant Ehrlich ascites tumor
cells. Biochim Biophys Acta l973;323:466â€”483.

25. Maublant JC, Mains N, Gachon P. Ross MR. Davidson WD, Mena I. Effects of
grisorixin on the distribution of thallium-201 and on the oxidative metabolism in
cultured myocardial cells. J Nucl Med 1985:26:626â€”629.

26. Peterson C, Trouet A. Transport and storage of daunorubicin and doxorubicin in
cultured fibroblasts. Cancer Res 1978;38:4645â€”4649.

27. Siegfried JM, Burke T, Tritton TR. Cellular transport of anthracyclines by passive

diffusion. Implications for drug resistance. Biochem Pharmacol 1985;34:593â€”598.
28. Frezard F, Garnier-Suillerot A. Comparison of the membrane transport of anthracy

dine derivatives in drug-resistant and drug-sensitive K562 cells. Eur J Biochem
1991;l96:483â€”49l.

29. GoormaghtighE, ChatelainP. CaspersJ, RuysschaertJM. Evidenceof a specific
complex between adriamycin and negatively-charged phospholipids. Biochim Biopkvs
Acta 1980;597:1â€”14.

30. Goldman R, Facchinetti T, Bach D, Rat A, Shinitzky M. A differential interaction of
daunomycin, adriamycin and their derivatives with human erythrocytes and phospho
lipid bilayers. Biochim Biophys Acta 1978:512:254â€”269.

31. Pigram WJ, Fuller W, Hamilton DL. Stereochemistry of intercalation: interaction of
daunomycin with DNA. Nature New Biol 1972;235:l7â€”l9.

32. Piwnica-Worms D, Kronauge JF, Chiu ML. Uptake and retention of hexakis (2-
methoxyisobutylisoniuile) technetium (I) in cultured chick myocardial cells. Mitochon
drial and plasma membrane potential dependence. Circulation l990;82: I826â€”I838.

33. Crane P. LalibertÃ©R, Heminway 5, Thoolen M, Orlandi C. Effect of mitochondrial
viability and metabolism on technetium-99m-sestamibi myocardial retention. Eur
J NuclMed l993;20:20â€”25.

34. Ballinger JR.,Hun HA, Berry BW, Firby P. Boxen I. @â€œTc-sestamibias an agent for
imaging P-glycoprotein-mediated multi-drug resistance: in vitro and in vivo studies in
rat breast tumour cell line and its doxorubicin-resistant variant. Nucl Med Commun
1995; 16:253â€”257.

35. Schinkel AH, Smit JiM, Van Tellingen 0, et al. Disruption of the mouse mdrla
P-glycoprotein gene leads to a deficiency in the blood-brain barrier and to increased
sensitivity to drugs. Ceil l994;77:49lâ€”502.

36. Schwaller MA, Adenier A, Moreau F, Berlion M, Dunn T, Bizzari JP. Mechanism of
uncoupling of 59788, a novel multidrug-resistance modulator, on rat liver mitochon
dna [Abstract]. Clin Exp Metastasis 1992; 10:104.

37. Chiu ML, Kronauge iF, Piwnica-Worms D. Effect of mitochondrial and plasma
membrane potentials on accumulation of hexakis (2-methoxyisobutylisonitrile) tech
netium (I) in cultured mouse fibroblasts. J Nucl Med l999;3l:1646â€”1653.

38. Roepe PD. The role ofthe MDR protein in altered drug translocation across tumor cell
membranes. Biochim Biophys Acta 1995;l241 :385â€”406.

peered with the ARI therapy. In contrast, diabetic rats treated with
insulinor ARItherapystarted4 wk afterSTZinjectionshowedno
improvement in MIBG uptake. Conclusion: These resutts suggest
that MIBO abnormalities observed in diabetic rats may reflect
diabetic cardiac sympathetic neuropathy independently of cardio
myopathy,nephropathyor coronaryheartdiseasesecondaryto
diabetes and that MIBG imaging may be useful for clinical assess
ment of cardiac sympathetic neuropathy.
Key Words diabetic neuropathy;MIBO; cardiac sympathetic nerve
system; diabetic cardiomyopathy; aldose reductase inhibitor
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Autonomicneuropathycanbeacauseofsuddendeathin
patients with diabetes mellitus (1). Compared to diabetic
patients without autonomic neuropathy, those with autonomic
neuropathy have been reported to exhibit a proportionately
greater lengthening of QT interval for a given increase in RR
interval (2), which implies that diabetic autonomic neuropathy
may be a causative factor in arrhythmia and even sudden death
(3). Moreover, myocardial concentrations of norepinephrine
have been reported to be significantly reduced in long-term
diabetics (4).

Recently, myocardial scintigraphy with radiolabeled metaio
dobenzylguanidine (MIBG) has been recognized as useful for

Cardiac autonomic neuropathycan be a cause of sudden death in
patients with diabetes mellitus. Clinical evaluation methods for
diabetic cardiac sympathetic neuropathyhavenot beeneStabliShed.
Using 1251-metaiodobenzylguanidine(MIBG) and streptozotocin
(STZ)-induced diabetic rats, we evaluated cardiac sympathetic neu
ropathy and the effects of aidose reductase inhibitor (ARI).
Methods: Myocardial MIBG uptake was measured4 hr after injec
tion in the following groups: control rats, rats treated with insulinor
ARI (epalrestat,100 mg/kg/day) from immediatelyto 4 wk after STZ
injectionand rats treated wfth insulinorARl from 4-8 wk. Myocardial
MIBGdiStribution and norepinephrine content were evaluated in the
control and diabetic rats with or wfthout ARI therapy started imme
diatelyafterSTZinjection.Results MyocardialMIBOuptakewas
significantly lower in diabetic rats than in control rats; the reduction
was marked in the subendocardialmyocardium. Myocardielnorepi
nephrine content was increased significantly in diabetic rats com
pared with control rats. Decreased MIBG uptake and increased
norepinephrine content in diabetic myocardium were completely
prevented by insulintherapy started immediatelyafter STZ injection
andpartially,butsignificantly,byARIadministeredfromimmediately
after STZ injection. Heterogeneous MIBG distribution also disap
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BloodMyocardialMyocardialglucoseâ€˜25l-MIBGnorepinephnneGroup

N (mg/do(%kgoosa/g)(ng/g)

*p< 0.01 versusCONTgroup,tp < 0.05 versusCONTgroup,*p< 0.01
versusDMgroup,Â§p< 0.05versusDMgroup.

Datapresentedaremean Â±s.d.

INS and AR! groups, and 8 wk after STZ injection in the DM4,
INS4 and AR!4 groups. Similarly, 4 or 8 wk after injection of the
citrate buffer, it was injected in the CONT or CONT4 groups,
respectively. Four hours after â€˜25I-MIBGinjection, the rats were
again anesthetizedwith a large amountof ether, the heartwas
excised and the 1251radioactivity of the ventricles was measured
immediately. Radioactivity per 1 g wet weight of ventricular
muscle was divided by a radioactivity of 125I-MIBGadministered
per 1 kg BW to obtain a value of %kgDose/g (13).

Immediately after measurements of radioactivity, the ventricle
was frozenwithliquidnitrogenandslicedalongthe longandshort
axes of the left ventricle with a cryomicrotome to prepare sections
of 20 @mthickness.Autoradiogramswere obtainedby adhesion
and exposure on Leica ultrafilms. By digitizing 1251autoradiograms
using a videodensitometric system (14), the optical density was
measuredin theendocardialandepicardialsidesofthe lateralwall
and in the left and rightventricularsides of the interventricular
septum. Transmural MIBG distribution was assessed with the ratio
of the optical density in the endocardial (or left ventricular) side to
that in the epicardial (or right ventricular) side.

Measurement of Myocardial Norepinephrlne Content
In each of the CONT, DM, INS and AR! groups, four frozen

ventricles were selected for measurements of norepinephrine con
tent. The content of norepinephrinewas measuredusing high
performance liquid chromatography.

All measures were expressed as mean Â±s.d. Statistical differ
ences of means among groups were assessed using one-way
analysis of variance, followed by Duncan's multiple-range test. A
probability value of less than 0.05 was considered statistically
significant.

RESULTS

Blood Glucose Levels
Tables 1 and 2 show the blood glucose level measured

immediately before 1251-MIBGstudy in the CONT, DM, INS,
ARI, CONT4, DM4, INS4 andARI4 groups.The blood glucose
levels of the INS and INS4 groups were similar to those of the
CONT and CONT4 groups, respectively (p > 0.05). On the
otherhand,the blood glucose levels ofthe DM and AR! groups
were significantly higher than those of the CONT group, and
those of the DM4 and ARI4 groups were significantly higher
than those of the CONT4 group.

Myocardial Iodine-125-MIBG Uptake
Table 1 also shows the comparisonofmyocardial â€˜25I-MIBG

uptake among the CONT, DM, INS and AR! groups. It was
significantly lower in the DM group than in the CONT group
and significantlyhigherin the INS groupthanin the DM group,

clinically evaluating cardiac sympathetic nerve system function
(5â€”7).Myocardial â€˜23I-MIBG uptake has been demonstrated to
be heterogeneously distributed(3) or diffusely reduced (8) in
patients with diabetes mellitus, particularly in those with
diabetic autonomic neuropathy.

Polyol accumulation in peripheral nerve tissue has been
indicated as one causative factor in diabetic neuropathy (9).
Animal experiments and clinical trials have shown an aldose
reductase inhibitor (AR!), an inhibitor of the key enzyme in
polyol synthesis, decreases in polyol accumulation in nerves of
diabetic rats (10), subjective benefit in patients with diabetic
peripheral neuropathy (11) and improvement in neural conduc
tion velocity (12). In this study, we investigated alterations in
myocardial MIBG uptake and distribution of streptozotocin
(STZ)-induced diabetic rats and the preventive effects of AR!
on myocardial MIBG abnormalities.

MATERIALS AND METhODS

Animals
This study was performed under the guidance of the animal care

committee at the Hamamatsu University School of Medicine and
conformed to the position of the American Heart Association on
research animal use. Sixty-four Sprangue-Dawley male ratsat 8 wk
of age were divided into six groups: a control group (n = 14); a
diabetic group with no treatment (n = 15); a diabetic group with
insulin therapy started immediately after STZ injection (n 10,
INS group); a diabetic group with AR! therapy started immediately
after STZ injection (n = 7, AR! group); a diabetic group with
insulin therapy started 4 wk after STZ injection (n = 11, INS4
group); and a diabetic group with AR! therapy started 4 wk after
STZ injection(n = 7, ARI4 group).The diabeticgroupwith no
treatment was divided into two subgroups: one (n = 7, DM group)
for comparison with the INS and AR! groups; and the other (n =
8, DM4 group) for comparison with the INS4 and ARJ4 groups.
Similarly, the control group also was divided into two subgroups:
one (n = 8, CONT group) for comparison with the DM, INS and
AR! groups; and the other (n = 6, CONT4 group) for comparison
with the DM4, INS4 and ARI4 groups.

A quantityof 50 mglkgBWSTZadjustedto a concentrationof
50 mg/ml with citrate buffer (pH 4) was administeredby injection
into the caudal vein to the DM, INS, AR!, DM4, INS4 and ARI4
groups, thereby creating STZ-induced diabetic animals. Citrate
buffer (1 mlIkgBW) was intravenously administered to the CONT
and CONT4 groups. The rats of the CONT, DM, INS and AR!
groups were housed for 4 wk in individual cages and given food
and water ad libitum and those of the CONT4, DM4, INS4 and
ARI4 groupsfor 8 wk.

Starting 2 days after STZ injection, maintenance insulin (6â€”12
units) was administered by subcutaneous injection to the INS group
on successive days for 4 wk. Starting 4 wk after STZ injection, it
was administered to the INS4 group for 4 wk using the same
protocolas in the INS group. In the INS and INS4 groups,the
blood glucose level was measured once a week and the amount of
insulin was adjusted to maintain the blood glucose value before
insulin injection at about 100 mg/dl.

Starting on the next day of STZ injection, epalrestat (100
mg/kgBW suspended in a solution of 0.5% carboxy-methyl
cellulose) was administered througha gastric tube to the ARI group
daily for 4 wk. Starting 4 wk after STZ injection, it was adminis
tered to the ARI4 group for 4 wk using the same protocol as in the
AR! group.

Measurement of Myocardial lodine-125-MIBG Uptake
Four weeks after STZ injection, â€˜25I-MIBG(3.7 MBQJwas

injected into the caudal vein underether anesthetization in the DM,

TABLE I
Blood Glucose Leveland Myocardial lodine-125-MIBG Uptake

andNorepinephrsneContentofCONT,DM,INSandARIGroups

CONT882 Â±50.52 Â±0.05423 Â±230DM7244
Â±380.28 Â±0.03k@3 Â±103*INS1068
Â±11@0.51 Â±0.09405 Â±65@ARI7277
Â±30*0.43 Â±0.07@616 Â±129@
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MyocardialBlood
glucose 125I-MIBGuptakeGroup

N (mg/do(%kgDose/g)CONT4

6 84Â±50.63Â±0.04DM4
8 249 Â±44* 0.26 Â±0.05INS4

11 107Â±15* 0.29Â±0.03*ARI4
7 244Â±9@ 029 Â±0.11**p

< 0.01 versus CONT group, @p< 0.01 versus DMgroup.Data
presentedaremeanÂ±s.d.

Group N lnterventncularseptum LateralwailCONT

5 0.93Â±0.05 0.94Â±0.03
DM 6 0.70 Â±0.05k 0.69 Â±0.15*
ARI 6 0.94 Â±0.03@ 0.93 Â±0.03**p

< 0.01 versus CONT group, *p < 0.01 versus DM group.
Data presentedare mean Â±s.d.

TABLE 2
BlOOdGlucose Leveland Myocardial Iodine-125-MIBG Uptake of

CONT4, DM4, INS4 and ARI4Groups

(p > 0.05). That is, STZ-induced diabetes caused the transmural
heterogeneity of 125!-MIBG uptake, and the AR! therapy could
prevent the heterogeneity.

DISCUSSION
Our study demonstratedthe following findings: (a) myocar

dial â€˜25I-MIBGuptake significantly decreased in STZ-induced
diabetic rats; (b) the reductionwas markedin the subendocar
dial myocardium; (c) it was completely prevented by insulin
therapy started immediately after STZ injection; (d) it was
partly, but significantly, prevented by AR! therapy started
immediately after STZ injection; (e) myocardial norepinephrine
content significantly increased in STZ-induced diabetic rats,
and the increase was prevented by insulin or ARI therapy
started immediately after STZ injection; (f) the heterogeneous
1251M1BGdistributionwithin the myocardiumalso disap
peared by the AR! therapy; and (g) insulin or ARI therapy
started 4 wk after STZ injection did not prevent the decrease in
myocardial 125I-MIBGuptake.

Cardiac â€˜25!-MIBGaccumulation was not directly inhibited
by STZ since the insulin therapythat startedimmediately after
STZ injection could prevent the reduction in myocardial 1251..
MIBG uptake. Similarly, the ARI therapythat startedimmedi
ately after STZ injection could prevent the reduction. Contrary
to the insulin therapy, however, the AR! therapy did not restore
plasma glucose levels. It is, therefore, highly possible that ARI
directly prevented diabetic cardiac sympathetic neuropathy.

Reduction in myocardial MIBG uptake has been reportedin
patientswith diabetes mellitus (3,8,15â€”17). However, the direct
association between diabetes mellitus and myocardial MIBG
abnormalities may not be easily confirmed in clinical settings
since diabetic patients are often complicated with coronary
artery disease, myocardial small vessel disease (18), renal
failure (19), myocardial dysfunction (20), hypertension and so
on. There are few reports that have evaluated myocardial MIBG
uptake in diabetic animals such as STZ-induced diabetic rats.
Our study demonstrated that myocardial MIBG uptake was
markedly reduced in STZ-induced diabetic rats and that AR!
therapy startedimmediately after STZ injection could prevent
the reduction. Our study, therefore, suggests that diabetic
cardiac sympathetic neuropathy may directly cause myocardial
MIBG abnormalities.In otherwords, MIBG abnormalitiesmay
not be due to sympathetic nerve dysfunction secondary to
diabetic myocardial injury, but may be due to diabetic sympa
thetic nerve injury itself.

Myocardial norepinephrine content was significantly in
creased in our STZ-induced diabetic rats. There are contraver
sial reports, however, regarding changes in myocardial norepi
nephrine content induced by diabetes mellitus (4,21â€”23).
Neubauer et al. (4) and Yoshida et al. (21) reported the reduced
myocardial content of norepinephrine in diabetic patients and
STZ-induced diabetic rats, respectively. On the contrary,
Fushimi et al. (22) and Ganguly et al. (23) reported the
increased myocardial content ofnorepinephrine in STZ-induced
diabetic rats. As mentioned above, cardiac sympathetic nerve
system activity may be complexly influenced by various dia
betic complications. According to the complications, therefore,
the myocardialnorepinephrinecontent may be either increased
or decreased.Diabetic sympatheticneuropathyin some phase of
diabetes mellitus may be associated with the increase in
myocardial norepinephrine content since AR! could prevent the
increase in our study. On the contrary,myocardialnorepineph
rimedepletion may occur in patientsor animals with congestive
heart failure, for example, due to diabetic cardiomyopathy.

In our diabetic animals, myocardial MIBG uptake was

but it was similar between the CONT and INS groups (p >
0.05). That is, STZ-induceddiabetescausedthe decreasein
myocardial 1251-MIBG uptake, and the insulin therapy started
immediately after STZ injection prevented the decrease. On the
other hand, myocardial â€˜25I-MIBGuptake was significantly
higher in the AR! group than in the DM group. Furthermore, it
was not significantly different between the INS and AR! groups
(p > 0.05), although it was significantly lower in the AR! group
than in the CONT group. That is, the AR! therapy that started
immediately after STZ injection partly prevented the decrease
in myocardial 1251-MIBG uptake of STZ-induced diabetic rats,
although the AR! therapy did not improve the high level of
blood glucose.

Table 2 shows the comparison of myocardial 1251-MIBG
uptake among the CONT4, DM4, INS4 and ARI4 groups.
Myocardial â€˜25I-MIBGuptake was significantly lower in the
DM4, INS4 and ARI4 groups, comparedto the CONT4 group.
On the other hand, it was similar among the DM4, INS4 and
AR!4 groups (p > 0.05). That is, neither the AR! nor insulin
therapy started 4 wk after STZ injection could prevent the
decrease in myocardial â€˜251-MIBGuptake of STZ-induced
diabetic rats.

Myocardial Norepinephrine Content
The myocardial norepinephrinecontent of the CONT, DM,

INS and ARI groups is shown in Table 1. It was significantly
higher in the DM group than in the CONT group and signifi
cantly lower in the INS group than in the DM group. The
myocardial content of norepinephrine was not significantly
different among the CONT, INS and AR! groups (p > 0.05),
although it was significantly lower in the ARI group than in the
DM group.

Transmural Iodine-125-MIBG Distribution
Table 3 shows the ratios of â€˜25I-MIBGuptake in the

endocardial to epicardial side among the CONT, DM and AR!
groups. In both the interventricular septum and lateral wall, the
ratio was significantly lower in the DM group than in the CONT
group, but it was similar between the CONT and AR! groups

TABLE 3
Ratioof Iodine-125-MIBGUptakeinEndocardial(orLeft

VentncuIar@to Epicardial(or Right Ventricular)Side
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decreased despite the increase in myocardial norepinephrine
content. Inconsistency between myocardial norepinephrine and
MIBG levels may be partly due to increased biosynthesis of
norepinephrine associated with impaired neuronal uptake. In
our previous study of cardiomyopathichamsters,a significant
positive correlation was found between myocardial norepineph
rimecontent and MIBG uptake in untreated animals, but not in
treated animals (24). Thus, myocardial MIBG uptake may not
necessarily reflect myocardial norepinephrine concentrations
(25).

Accumulation of polyols in nerve tissue may play an impor
tant role in the development of diabetic peripheral nerve
dysfunction (9, 10, 12). Dysfunction and/or destruction of distal
sympathetic postganglionic neurons induced by polyol accumu
lation may be one mechanism for MIBG abnormalities. For
instance, abnormal energy metabolism with decreased Nat,
K@-ATPaseactivity may impairthe neuronaluptakeof MIBG.
MÃ¤ntysaari et al. (8) suggested that the capacity of MIBG to
enter neuronal tissue was weakened in both diabetic patients
with and without autonomic neuropathy and that the ability of
sympathetic tissue to store M!BG was reduced in those with
autonomic neuropathy. On the other hand, decreased myocar
dial sympathetic innervation is inconsistent with the increase in
myocardial norepinephrine content of our diabetic rats. There
fore, cardiac sympathetic denervation cannot explain the de
creased MIBG uptake in our animals, although it may be
involved in some diabetic models. Other possible mechanisms
ofdecreased M!BG uptake may include hyperglycemia-induced
systemic alterations that cause fluctuations in sympathetic nerve
activity. Ganguly et al. (23) suggested that the presence of
hypervolemia in STZ-induced diabetic rats may be of crucial
importance for activating the sympathetic system. Moreover,
Yoshida et al. (26) suggested that the decreased norepinephrine
turnover in STZ-induced diabetic rats may be a direct result of
weight loss and negative caloric balance although their results
are completely opposite. These systemic alterations,however,
might not play an important role in the reduction of MIBG
uptake because AR! treatment prevented it without correcting
hyperglycemia.

Diabetic cardiomyopathy may be associated with sympa
thetic nervous system dysfunction (25). Kahn et al. (27)
reportedthatcardiacautonomicneuropathywas associatedwith
left ventricular diastolic dysfunction in patients with diabetes
mellitus. Recently, Mustonen et al. (15) have demonstrated that
decreased myocardial MIBG uptake is associated with impaired
left ventricular diastolic filling. !n addition, Zola et al. (28)
observed an inverse correlation between autonomic function
and left ventricularejection fractionand suggested the involve
ment of cardiac autonomic neuropathy in diabetic cardiomyop
athy. On the other hand, congestive heart failure induced by
diabetic cardiomyopathy may reduce myocardial MIBG uptake
(7), although diabetic neuropathy may directly cause myocar
dial MIBG abnormalities. Diabetic complications such as cor
onary arterydisease and renal failure (19), as well as diabetic
cardiomyopathy, may cause myocardial MIBG abnormalities,
and it remains to be investigated whether diabetic cardiac
autonomic neuropathy may be one of causes of diabetic
cardiomyopathy (23,29).

CONCLUSION
Our study demonstrates that myocardial MIBG uptake was

reduced and heterogeneously distributed in STZ-induced dia
betic rats and that the MIBG abnormalities could be prevented
by AR! therapy started immediately after STZ injection. Thus,

MIBG abnormalitiesmay reflect diabetic cardiac sympathetic
neuropathyitself independentlyof cardiomyopathy,nephropa
thy or coronary heart disease secondary to diabetes mellitus,
and MIBG imaging may be useful for assessment of the
development and prevention of diabetic cardiac sympathetic
neuropathy.
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