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Cardiovascular Research 42 (1999) 130–139
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Abstract

Objective: We have previously demonstrated that zopolrestat, an inhibitor of the enzyme aldose reductase, reduces ischemic injury in
hearts from diabetic and non-diabetic rats. To further explore potential cardioprotective mechanisms of zopolrestat, we measured changes

1 1in intracellular sodium, calcium, and Na ,K -ATPase activity in zopolrestat treated hearts during ischemia and reperfusion. Methods:
Hearts from acute diabetic (Type I) and age-matched control rats were isolated and retrogradely perfused. Hearts had either control
perfusion or exposure to 1 mM zopolrestat for 10 min, followed by 20 min of global ischemia and 60 min of reperfusion. Changes in

23 19intracellular sodium and calcium were measured using Na and F magnetic resonance spectroscopy, respectively, while the activity of
1 1Na ,K -ATPase was measured using biochemical assays. Results: Zopolrestat blunted the rise in [Na] during ischemia in both diabetici

hearts and non-diabetic hearts. The end-ischemic [Na] was 21.362.6 mM in the zopolrestat treated diabetics and 25.962.3 in zopolrestati

treated non-diabetics, versus 31.662.6 mM and 32.962.8 mM in the untreated diabetics and untreated non-diabetics, respectively.
(P50.002). Similarly, the rise in [Ca] at the end of ischemia was significantly reduced in zopolrestat treated diabetic and non-diabetici

1 1hearts (P50.005). Zopolrestat increased the activity of Na ,K -ATPase in diabetic hearts under baseline conditions (11.7060.95 versus
1 17.2860.98 mmol /h /mg protein, P50.005) as well as during ischemia and reperfusion. Similar changes in Na ,K -ATPase activity were

also observed in non-diabetic hearts. Conclusions: The data provide additional support to the protective effects of zopolrestat and suggest
that a possible mechanism of action may be associated with the attenuation of the rise in [Na] and [Ca] during ischemia and reperfusion.i i

 1999 Elsevier Science B.V. All rights reserved.

1 1Keywords: Diabetes; Aldose reductase; Na ,K -ATPase; Ischemia; NMR

1. Introduction Recently, we demonstrated that zopolrestat, an aldose
reductase inhibitor, improved functional recovery and

Myocardial ischemia impairs energy production and reduced ischemic injury in both diabetic and non-diabetic
alters pH and ionic homeostasis, which along with other rat hearts [5,6]. Further, it was shown that the cardiop-
factors, result in myocardial injury. Interventions that limit rotection afforded by zopolrestat was associated with
metabolic and ionic derangements have been demonstrated lowering of cytosolic redox state, increases in glycolysis,
to protect hearts from ischemic injury. Specifically, studies and conservation of ATP in diabetic and non-diabetic
have demonstrated that limiting the rise in intracellular hearts [5–7]. Since there is evidence that aldose reductase

1 1sodium during ischemia limits the rise in intracellular inhibition can increase Na ,K -ATPase activity in some
calcium, thereby reducing ischemic injury [1–4]. tissues [8–11], we examined if zopolrestat would limit the

rise in intracellular sodium and calcium during ischemia
*Corresponding author. Tel.: 11-212-305-2267; fax: 11-212-305-

4648. Time for primary review 29 days.
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1 1via its influence on Na ,K -ATPase activity. To test if the iced saline. The arrested hearts were retrogradely perfused
cardioprotection was associated with limitation of sodium (in a non-recirculating mode) through the aorta within 2
and calcium increases during ischemia, we measured min. Left ventricular developed pressure (LVDP), left

1 1Na ,K -ATPase activity, intracellular sodium, and in- ventricular end diastolic pressure (LVEDP), and heart rates
tracellular calcium in isolated hearts from Bio-Bred (BB/ were determined using a latex balloon in the left ventricle
W) insulin-dependent acute diabetic and non-diabetic rats with high pressure tubing connected to a pressure trans-
perfused with and without the aldose reductase inhibitor ducer. Perfusion pressure was monitored using high pres-
zopolrestat. The data show that zopolrestat protects is- sure tubing off the perfusion line. Hemodynamic measure-
chemic myocardium and that this protection is associated ments were recorded on a 4-channel Gould recorder. The
with decreases in intracellular sodium and calcium during system had two parallel perfusion lines, with separate
ischemia. oxygenators, pumps and bubble traps, allowing rapid

change of perfusion media. The hearts were perfused with
phosphate-free Krebs–Henseleit buffer consisting of (in
mM) NaCl 118, KCl 4.7, CaCl 1.2, MgCl 1.2, NaHCO2 2 32. Methods
25, with the substrate being 11 mM glucose. The perfusion
apparatus was tightly temperature controlled, with heated2.1. General methods
baths used for the perfusate and for the water jacketing
around the perfusion tubing to maintain heart temperatureAll experiments were performed with the approval of
at 378C under all conditions. The oxygenated perfusate inthe University of California Davis and Columbia Universi-
the room temperature reservoir was passed through 25 feetty Animal Use and Care Committee. This investigation
of thin-walled silicone tubing surrounded by distilled waterconforms with the Guide for the Care and Use of
at 378C saturated with O –CO (95:5). The perfusate then2 2Laboratory Animals published by the US National Insti-
entered the water jacketed tubing leading to the hearttutes of Health (NIH publication No. 85-23, 1996).
through a water jacketed bubble trap.

2.2. Diabetic rats

2.5. Protocols
Spontaneously acute diabetic Bio-Bred (BB/W) rats

from the colony maintained at the University of Massachu-
All protocols were performed in hearts from diabetic

setts Medical Center, Worcester, were used in this study.
and non-diabetic rats in the absence and presence of 1 mM

We chose BB/W rats for our study because the BB/W rats
zopolrestat. In the experiments without zopolrestat,

are considered to be a useful model of autoimmune human
baseline perfusion was continued for 20 min before

insulin-dependent diabetes (IDDM) [12]. The BB/W rats
institution of global ischemia. In the experiments employ-

used in this study were 3–4 months old with the duration
ing zopolrestat, the inhibitor was added 10 min before

of diabetes being 1263 days, weighed between 300–350
global ischemia was instituted. Intracellular sodium [Na]ig, and were receiving daily insulin therapy. Insulin therapy
or calcium [Ca] were measured continuously duringiwas discontinued 24 h prior to performing the isolated
baseline perfusion, during ischemia and upon reperfusion

heart perfusion studies, resulting in significant increases in
for 30 min with concurrent hemodynamic measurements.

serum glucose levels (386654 mg/dl) [13]. 1 1Na ,K -ATPase activity measurements (n59 in each
group) were performed in hearts freeze-clamped after

2.3. Littermate control rats baseline perfusion, after 5 and 20 min of ischemia, and
after 5 and 30 min of reperfusion. Homogenates from each

1 1Age-matched non-diabetic littermates, also from the of these hearts were prepared and assayed for Na ,K -
colony maintained at the University of Massachusetts ATPase activity.
Medical Center, Worcester, were used in this study. The
mean blood glucose levels in the littermate controls were

23102612 mg/dl. 2.6. Na NMR spectroscopy

Intracellular sodium concentration [Na] was determined2.4. Isolated perfused heart model i
52using the shift reagent thulium-DOTP [14], supplied by

Experiments were performed using an isovolumic iso- Magnetic Resonance Solutions (Dallas, TX, USA). Since
lated rat heart preparation. Acutely diabetic male BB/W the shift reagent contains sodium, the amount sodium
rats and age-matched littermate controls were pretreated added to the buffer was lowered such that the total sodium
with heparin (1000 U, I.P.), followed by sodium pen- concentration did not exceed 143 mM. The total calcium in
tobarbital (65 mg/kg, I.P.). After deep anesthesia was the shift reagent containing buffer was adjusted such that
achieved, the hearts were rapidly excised and placed into the free calcium concentrations were approximately 1.25
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1 1mM. Hearts were placed in a 20 mm NMR tube and were 2.9. Measurements of Na ,K -ATPase activity
bathed by the perfusate (mean volume of 4.9660.09 ml).

1 1Coronary effluent was removed from the NMR tube Ouabain sensitive Na ,K -ATPase activities were mea-
approximately 9 mm above the heart. Sodium spectra were sured in the microsomes of diabetic, zopolrestat perfused
acquired on a Bruker AMX 400 MHz spectrometer using diabetic, non-diabetic, and zopolrestat perfused non-dia-
the broad band 20 mm probe tuned to 105.85 MHz. One betic hearts by a previously described spectrophotometric
thousand free induction decays were signal averaged over method [20]. Heart tissue was homogenized at 48C in 2 ml
5 min using 90 degree pulses with a 64000 Hz sweep of 0.2 M sucrose–0.02 M Tris–HCl buffer (pH 7.5)
width. Intracellular sodium concentration was calculated containing a protease inhibitor (100 ml of 57 mM phenyl-
using the formula: methylsulfonyl fluoride110 ml of 1 mg/ml leupeptin),

with a polytron homogenizer (for four periods, with each
period not exceeding 15 s) and then centrifuged at 100 g[Na] 5 ([ANa ] / [ANa ])((V /V )( f /f ))[Na]i i o o i o i o

for 10 min at 48C. The microsomes were prepared from the
homogenates using published procedures [21]. Briefly, thewhere ANa and ANa are the intracellular and extracellu-i o

1 1microsomes rich in Na ,K -ATPase activity were pre-lar areas of the sodium resonances, V and V are theo i

pared by subjecting homogenates from the above step toextracellular and intracellular volumes (V /V ratio iso i

15 freeze–thaw cycles and then centrifuging at 31 000 gassumed to be 1 based on Ref. [15]), and f and f are theo i

for 30 min and suspending the pellet in imidazole bufferfractional visibilities of extra- and intra-cellular sodium
until measuring the activity. Earlier investigations from our(assumed as 1.0 and 0.4, respectively) [15]. It was assumed

1 1laboratory had demonstrated that the Na ,K -ATPasethat the intracellular sodium visibility did not change
activity obtained by this preparation was not different fromduring the experimental protocols.
those obtained using sarcolemma permeabilizers such as

1 1alamethycin or valinomycin. Therefore, the Na ,K -AT-
2.7. Analysis of sodium in freeze-clamped hearts Pase activity measurements reported in this study are from

microsomal preparations containing vesicles of all orienta-
Intracellular sodium content under baseline conditions in tions.

diabetic and non-diabetic freeze-clamped hearts (n56 in The assay was started by the addition of 20 ml of
each group) were also determined by atomic absorption microsomal aliquot to a 1-ml31-cm cuvette containing
techniques, using a Varian Spectra AA 10/20 system, as 100 mM NaCl, 10 mM KCl, 2.5 mM MgCl , 2 mM2

published earlier [16,17]. EGTA, 1 mM Tris–ATP, 1 mM phosphoenolpyruvate, 30
mM imidazole–HCl buffer at pH 7.4, 0.15 mM NADH, 50
mg lactate dehydrogenase, 30 mg pyruvate kinase with or

192.8. F NMR spectroscopy without 1 mM ouabain. After a 30-min stabilization period,
the linear rate of oxidation of NADH was monitored at 340

Intracellular calcium concentrations [Ca] were mea- nm. ATPase activity was calculated from the linear portioni

sured after loading the hearts with 5F-BAPTA, a com- of the curve using extinction coefficient of NADH, volume
pound that provides a signal proportional to [Ca] [18,19]. of the reaction mixture, and the amount of heart homoge-i

1 1Hearts were perfused in the standard manner and then nate. The Na ,K -ATPase activity was obtained by sub-
perfused with the acetoxymethyl ester of 5F-BAPTA (2.5 tracting the ATPase activity obtained in the presence of
mM in normal perfusate) over 1 h. The hearts were then ouabain from that obtained without ouabain. In order to
perfused for 15 min with 5F-BAPTA-free perfusate to determine whether zopolrestat had direct in vitro effects on

1 1wash the 5F-BAPTA out of the extracellular space. Total Na ,K -ATPase activity, homogenates from hearts were
perfusate calcium concentration was increased to 2.5 mM added to the above medium containing various concen-
to maintain free ionized intracellular calcium concentra- trations of zopolrestat (0.2 to 10 mM).
tions. The probe was tuned to 376.5 MHz (on the Bruker
AMX-400 MHz spectrometer) and 1500 free induction
decays were acquired in 5 min intervals using 45 degree 2.10. Statistical methods
pulses and 65000 Hz sweep width. Intracellular calcium
concentration in nM was calculated using the equation: Data were analyzed using INSTAT (GraphPad, San Diego,

CA, USA) software operating on an IBM compatible
[Ca] 5 K ([Ca 2 5F 2 BAPTA]/ [5F 2 BAPTA]) personal computer. Differences between groups was as-i d

sessed using ANOVA, with subsequent Student–Newman–
where K 5308 nM and the ratio of calcium-bound to free Keuls multiple comparisons post-tests if the P value ford

[5F-BAPTA] was equal to the ratio of the corresponding ANOVA was significant. A P value of less than 0.05 was
19peak areas of the two well defined peaks in the F used to reject the null hypothesis. All data are expressed as

spectrum [18,19]. mean6S.E.M.
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3. Results trations in diabetic than non-diabetic hearts (15.161.4 mM
in diabetic versus 9.161.1 mM in non-diabetic, P,0.01).

3.1. Functional data The differences in intracellular sodium concentrations
obtained using NMR and atomic absorption spectroscopy

Zopolrestat did not alter LVDP or heart rate under can be explained based on the fact that NMR visibility
baseline conditions in any group (Table 1). Cessation of factor is applied to the free cytoplasmic sodium while the

1cardiac function occurred in all groups shortly after the rest is bound Na , which is NMR invisible. Nevertheless,
onset of global ischemia. Reperfusion of diabetic and both independent techniques demonstrated significantly
non-diabetic hearts resulted in poor LVDP and rhythmic higher intracellular sodium concentrations under baseline
activity compared to zopolrestat treated diabetic and non- conditions in diabetic compared to non-diabetic hearts.
diabetic hearts. All the zopolrestat perfused diabetic and
non-diabetic hearts exhibited recovery of LVDP that was 3.2.2. Time dependent sodium measurements (diabetic
significantly greater than untreated hearts. hearts)

LVEDP was set to 10–12 cm H O pressure at the Since NMR provides a non-destructive means of2

beginning of the perfusion period and increased in all measuring time dependent changes in intracellular sodium,
groups to a maximum after 15 min of ischemia. The we used NMR to measure intracellular sodium during

23difference in LVEDP among groups at the end of ischemia ischemia and reperfusion. Fig. 1 displays the Na NMR
was not significant. On reperfusion, the zopolrestat treated spectra of intracellular and extracellular sodium in diabetic

52diabetic and non-diabetic hearts had significantly lower hearts perfused with 4 mM [Tm(DOTP)] . The areas
1LVEDP than untreated diabetic and non-diabetic hearts. under the intracellular Na resonances were converted into

Also, the LVEDP in diabetic hearts was significantly lower concentrations as detailed in Section 2. As observed in Fig.
than in non-diabetic hearts at the end of reperfusion. 2, ischemia increased intracellular [Na] from 15.661.1 toi

Comparing the present functional data obtained in the 31.662.2 mM in diabetic hearts. Perfusing diabetic hearts
52presence of [Tm(DOTP)] with that published in our with 1 mM zopolrestat resulted in a significant reduction in

earlier study [5], it is evident that shift reagent did not the rise of intracellular [Na] during ischemia, resulting ini

influence the functional parameters in diabetic and non- end-ischemic intracellular [Na] of 21.362.6 mM (P,i

diabetic hearts. 0.005 vs. untreated diabetic control). At the end of
reperfusion, the intracellular [Na] was significantly loweri

3.2. Effect of zopolrestat on intracellular sodium in zopolrestat treated diabetic hearts than in untreated
diabetic control hearts (P,0.005).

3.2.1. Baseline measurements of sodium
The baseline intracellular sodium concentrations mea- 3.2.3. Time dependent sodium measurements (non-

sured by atomic absorption were significantly higher in diabetic hearts)
diabetic than non-diabetic hearts (36.863.2 mM in dia- The end-ischemic intracellular sodium concentration
betic versus 26.962.7 mM in non-diabetic, P50.003). was not significantly different between diabetic and non-
Intracellular sodium concentration measured by NMR also diabetic hearts ([Na] 32.962.8 mM in non-diabetic andi

exhibited a similar trend, with higher sodium concen- 31.662.2 mM in diabetic hearts). Our observations on the

Table 1
Function data on perfused rat hearts under baseline, ischemic, and reperfusion conditions

Function C Diabetic Diabetic1 Z
Zopolrestat

LVDP (cm H O)2

Baseline 106612 96611 109612 112614
a bEnd of reperfusion 1866 967 58612 4869

LVEDP (cm H O)2

Baseline 1262 1163 1261 1063
End of ischemia 6869 59611 52614 61612

c a bEnd of reperfusion 71612 3366 1665 1165

Heart rate
Baseline 262639 198627 221631 251642

a bEnd of reperfusion 24612 1269 121622 101631

Data are presented as means6standard error. Six hearts were used per group.
52C, non-diabetic controls; Z, zopolrestat perfused non-diabetics. The presence of [Tm(DOTP)] did not alter any of the functional parameters.

a P,0.05 in diabetic zopolrestat vs. diabetic group.
b P,0.03 in Z vs. non-diabetic group.
c P,0.05 in diabetic vs. non-diabetic group.
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zopolrestat treated diabetics compared to zopolrestat
treated non-diabetics (11 versus 7 mM, P50.03). In both
diabetic and non-diabetic hearts, zopolrestat significantly
attenuated the rise in intracellular sodium during ischemia
compared to their respective untreated controls.

3.3. Effect of zopolrestat on intracellular calcium

Intracellular calcium measurements were performed
19using 5F-BAPTA and F NMR spectroscopy in perfused

hearts during global ischemia and during reperfusion.
Loading of the hearts with 5F-BAPTA resulted in a
significant reduction in LVDP in both diabetic and non-
diabetic hearts. The reduction in baseline LVDP were
similar in all groups (LVDP values in cm water pressure
were 6269 in non-diabetic, 5667 in non-diabetic zopol-
restat, 64611 in diabetic and 5268 in diabetic zopolrestat
hearts). Our observations of reduction in LVDP are con-
sistent with those reported in the literature [15,18,19]. A

19typical F NMR spectrum of a 5F-BAPTA perfused
diabetic heart under baseline conditions is illustrated in
Fig. 3. The changes in intracellular calcium observed
during 20 min of global ischemia and 60 min of reperfu-

23Fig. 1. Representative Na NMR spectra from diabetic hearts during sion are illustrated in Fig. 4. The data presented in Fig. 4A
baseline, ischemic and reperfusion conditions. The shift reagent

52 demonstrate that zopolrestat abolished the rise in intracel-[Tm(DOTP)] (4 mM) was employed to distinguish between the intra-
21lular free Ca during ischemia in diabetic hearts. Intracel-and extra-cellular sodium resonances.

lular calcium after 20 min of global ischemia was
changes in intracellular sodium at the end of ischemia in 693.3649.9 nM in diabetic and 286.6639.8 nM in diabetic
diabetic hearts are in agreement with those of Tosaki et al. zopolrestat hearts. While calcium continued to increase in
[22]. As in the diabetic hearts, zopolrestat significantly diabetic hearts during reperfusion, intracellular calcium in
limited the rise in intracellular sodium in non-diabetic zopolrestat perfused diabetic hearts remained at pre-is-
hearts ([Na] being 25.962.3 mM in zopolrestat treated chemic values. There was no increase in intracellulari

non-diabetics versus 32.962.8 mM in non-diabetic hearts, calcium concentration during ischemia or reperfusion in
P,0.03). the diabetic zopolrestat hearts. In non-diabetic hearts (Fig.

While zopolrestat attenuated the rise in intracellular 4B), zopolrestat limited the rise in intracellular calcium to
sodium in both diabetic and non-diabetic hearts, there was a lesser extent than in zopolrestat treated diabetic hearts.
a greater magnitude of reduction in the rise of [Na] in These observations are consistent with the hypothesis thati

Fig. 2. Changes in intracellular sodium concentration during 20 min of global ischemia and 40 min of reperfusion in diabetic and non-diabetic group of
hearts. In each group, data is presented from six hearts perfused with and without zopolrestat. I and R represent ischemic and reperfusion periods,
respectively. Each point represents the data obtained every 5 min. *, significantly greater than the zopolrestat treated group (P,0.03).
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the protection against ischemia afforded by zopolrestat is
mediated, in part, by preventing calcium overload during
ischemia and reperfusion.

1 13.4. Zopolrestat and Na ,K -ATPase activity

1 1Table 2 displays Na ,K -ATPase activity in the four
groups under baseline, ischemic, and reperfusion con-

1 1ditions. The microsomal Na ,K -ATPase activity values
obtained for non-diabetic hearts are similar to those
obtained by Lee et al. [21]. Diabetic hearts had a 44%

1 1reduction in Na ,K -ATPase activity compared to non-
1 1diabetic hearts (P,0.05). Zopolrestat increased Na ,K -

ATPase activity in diabetic hearts, restoring the
1 1Na ,K ,ATPase activity to values observed in non-dia-

betic hearts. In non-diabetic hearts, zopolrestat also re-
1 1sulted in a significant increase in Na ,K -ATPase activity.

19 The zopolrestat treated hearts (both diabetic and non-Fig. 3. Typical F NMR spectrum from a diabetic heart, loaded with
5F-BAPTA, obtained under baseline conditions. The calcium bound and diabetic) had significantly greater activity during ischemia
unbound free 5F-BAPTA resonances are shown in the spectrum. and reperfusion compared to the untreated hearts.

Fig. 4. Changes in intracellular calcium concentration during 20 min of global ischemia and 40 min of reperfusion in diabetic and non-diabetic group of
hearts. In each group, data is presented from six hearts perfused with and without zopolrestat. I and R represent ischemic and reperfusion periods,
respectively. Each point represents the data obtained every 5 min. *, significantly greater than the zopolrestat treated group (P,0.05).

Table 2
1 1Ouabain-sensitive Na ,K -ATPase activity in microsomes from hearts perfused with and without 1 mM zopolrestat

1 1Hearts Na ,K -ATPase activity (mmol ADP/h/mg total protein)

Baseline Ischemia Reperfusion

5 min 20 min 5 min 30 min
a a a a aDiabetic 7.2960.98 6.9661.08 5.5661.62 6.9260.81 6.1861.18

Diabetic1 11.7060.95 12.1261.66 11.8961.06 12.3661.54 14.0163.32
Zopolrestat
C 12.9661.13 9.9161.02 10.3260.81 9.0361.88 10.0861.68

b b b b bZ 16.2161.68 15.2961.69 14.6760.79 13.5761.13 13.8160.54

Data are presented as means6standard error. Six hearts were used per group.
C, non-diabetic controls; Z, zopolrestat perfused non-diabetics.
a Significantly lower than in diabetic zopolrestat and non-diabetic hearts (P50.03).
b Significantly greater than in non-diabetic hearts (P50.05). Six hearts were used per group for baseline, ischemia, and reperfusion.
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To determine if zopolrestat may directly influence Several studies have demonstrated that ischemia leads to
1 1 1 1Na ,K -ATPase activity in vitro, the Na ,K -ATPase intracellular acidosis and increases in intracellular sodium

assay was performed in the presence and absence of and calcium in isolated perfused hearts, and that these
zopolrestat in microsomes from diabetic and non-diabetic increases are related to the severity of ischemic injury
hearts. In microsomes obtained from diabetic hearts, [1,2,14,15,24,25]. Studies have demonstrated that interven-
zopolrestat had minimal, non-significant direct effects on tions which limit sodium or calcium accumulation during

1 1the microsomal Na ,K -ATPase activity in diabetic ischemia reduce ischemic injury [1,3,4,26]. The data
hearts. The activity changes due to the addition of zopol- presented here are consistent with the postulate that the
restat in homogenates from diabetic hearts (expressed as cardioprotection afforded by zopolrestat may be due to
mmol ADP/h/mg total protein) were from (a) 7.2960.98 attenuation of the rise in intracellular sodium and calcium
to 8.1160.62 after baseline perfusion, (b) 5.5661.62 to during ischemia.
5.1160.91 at the end of 20 min of ischemia, and (c) One mechanism to limit the rise in intracellular sodium
6.1861.18 to 8.0261.77 after 30 min of reperfusion (n55 during ischemia and reperfusion is to increase sodium

1 1in each group). In microsomes from non-diabetic hearts, efflux via the Na ,K -ATPase. Concurrent with the
zopolrestat resulted in a marginal, non-significant increase limitation in the rise in intracellular sodium in these

1 1 1 1in Na ,K -ATPase activity from 12.9661.13 to experiments, zopolrestat increased Na ,K -ATPase activi-
13.8860.91 (n55 in each group, P50.12). Measurements ty in diabetic hearts under baseline, ischemic, and reperfu-

1 1of microsomal Na ,K -ATPase activities from non-dia- sion conditions. These observations are consistent with
1 1betic hearts after ischemia and reperfusion also demon- normalization of Na ,K -ATPase activity by zopolrestat,

strated that the addition of zopolrestat did not result in a thereby resulting in greater sodium efflux during ischemia
1 1significant change in activity. In both diabetic and non- and reperfusion. While normalization of Na ,K -ATPase

1 1diabetic hearts, the increases in Na ,K -ATPase activity may be an important mechanism of protection in hearts
were much greater when hearts were perfused with zopol- from diabetic animals, other mechanisms apart from

1 1restat (see Table 2) than in the in vitro microsomal effects of zopolrestat on Na ,K -ATPase activity are
1 1experiments. These data suggest that increases in Na ,K - likely to be involved. This conclusion is suggested by

ATPase activity observed in zopolrestat treated hearts were comparing the lower [Na] and [Ca] values during is-i i

unlikely due to a direct effect of zopolrestat on the chemia in the zopolrestat treated diabetic hearts with the
1 1enzyme. untreated non-diabetic groups with similar Na ,K -AT-

Pase activities.
Treatment of diabetic hearts with zopolrestat resulted in
1 14. Discussion Na ,K -ATPase activity similar to that of non-diabetic

hearts, yet had lower sodium and calcium accumulation, to
21This study demonstrated that zopolrestat, an aldose the point of abolition of the rise in [Ca ] during ischemia.

reductase inhibitor, limited the increase in both intracellu- There are several possible explanations for the lower
lar sodium and calcium during ischemia and reperfusion. intracellular sodium. First, we have previously shown that

1 1In addition, zopolrestat increased the activity of Na ,K - ATP levels are higher in the zopolrestat treated hearts
1 1ATPase under baseline, ischemic and reperfusion con- during ischemia [5]. Since Na ,K -ATPase activity in

ditions. In concert with our previous data showing a vivo may be ATP limited, these higher levels of ATP may
reduction in infarct size in both diabetic and non-diabetic afford greater sodium efflux despite similar activity mea-
rat hearts [5], these findings suggest a mechanism for the sured using biochemical assays, which are not ATP
protective effect of aldose reductase inhibition during limited. Calculations of ATP to ADP ratio and the free
ischemia. energy of ATP hydrolysis determined using creatine kinase

equilibrium [16], suggests that ATP is not the limiting
1 14.1. Inhibition of aldose reductase and intracellular factor for the observed changes in Na ,K -ATPase activi-

sodium ty in this study. Secondly, other sodium regulatory mecha-
nisms are altered in diabetic hearts. These include reduced

1 1The steady state intracellular sodium concentration is Na –H exchanger activity in diabetic hearts [27,28].
1 1maintained by a balance between sodium influx down and Since the Na –H exchanger has a critical role in

sodium efflux against the electrochemical gradient. Under regulating intracellular sodium during ischemia, reduced
1 1baseline conditions, sodium influx occurs via the fast Na –H exchanger activity, coupled with greater

1 1 1 1 1 1sodium channels, the Na –H exchanger, the Na –K – Na ,K -ATPase activity, would result in a lower increase
- 1 212Cl cotransporter, and the Na –Ca exchanger, while in intracellular sodium diabetic hearts. In addition to the

1 1 1 1 1 1 2sodium efflux occurs mainly through the Na ,K -ATPase Na –H exchanger, the Na –K –2Cl cotransporter
1 1[23]. Consequently, inhibition of myocardial Na ,K -AT- [25,29,30] and the sodium channels [24] can contribute to

Pase, as observed in diabetics, results in increased baseline the rise in intracellular sodium. We have recently demon-
1 1 2sodium concentration [9,10]. strated that the activity of the Na –K –2Cl cotrans-
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1 21porter is increased in diabetic hearts [31], potentially as a direct inhibition of the Na –Ca exchanger is possible in
1 1consequence of impaired Na ,K -ATPase activity. In- the zopolrestat treated diabetic hearts.

1 1 2creased Na –K –2Cl cotransporter activity would con-
1 1tribute to sodium accumulation during ischemia [30], and, 4.3. Aldose reductase and Na ,K -ATPase activity

1 1consequently, normalization of Na ,K -ATPase activity
could have secondary beneficial effects by reducing co- Studies have shown that aldose reductase inhibitors

1 1transporter activity. Hence, the consequence of normaliza- normalize Na ,K -ATPase activity in most tissues of
1 1tion of Na ,K -ATPase activity, in the face of other diabetic animals [10,11,35,36], although no studies on

perturbations of sodium regulating mechanisms in dia- perfused hearts have been performed. Consistent with
1 1betics, may be greater than in non-diabetic hearts and previous studies, we have shown that the Na ,K -ATPase

explain the lower rise in intracellular sodium. activity is reduced in hearts from spontaneously diabetic
(BB) rats, and that treatment with the aldose reductase

1 1inhibitor zopolrestat increased Na ,K -ATPase activity.
4.2. Inhibition of aldose reductase and intracellular There are several mechanisms by which zopolrestat

1 1calcium could influence the Na ,K -ATPase activity. First, as
observed in studies of diabetic kidney [11], zopolrestat

1 1As noted above, the rise in intracellular calcium during may directly stimulate the Na ,K -ATPase by interacting
ischemia and reperfusion may result from sodium-depen- with the low affinity ATP binding site. Second, inhibition

1 21 1dent calcium influx via the Na –Ca exchanger [1,19]. of aldose reductase reduces the ratio of NADH/NAD
While calcium entry via voltage dependent calcium chan- [5,8]; this in turn may influence protein kinase C activity,

1 1nels is another mechanism of calcium overload, studies resulting in higher Na ,K -ATPase activity [8,37]. Third,
have demonstrated that activation of calcium channels aldose reductase inhibition may result in restoration of

1 1cannot be the sole mechanism by which the rise in myoinositol levels, which may then enhance Na ,K -
intracellular calcium can occur during ischemia [32]. In ATPase activity [9]. The current in vitro experiments using

1 21support of the critical role of Na –Ca exchange in zopolrestat suggest that the direct effect of zopolrestat
calcium overload with ischemia and reperfusion, numerous alone does not account for the significant increases in

1 1experiments have shown that limiting the rise in intracellu- Na ,K -ATPase activity seen in perfused hearts.
1 1lar sodium using inhibitors of the Na –H exchanger

significantly reduces the rise in intracellular calcium 4.4. Limitations
[1,2,26]. The reductions in both intracellular sodium and
calcium in the current study supports these previous While the current findings show that zopolrestat reduced
studies and supports the hypothesis that calcium influx via the rise in sodium and calcium during ischemia, these

1 21the Na –Ca exchanger plays an important role in the findings must be interpreted within the limitations of the
rise in intracellular calcium during ischemia. experimental design. The use of 5F-BAPTA has been

In parallel with similar increases in intracellular sodium shown to influence intracellular buffering and left ventricu-
in untreated diabetic and non-diabetic hearts, the increase lar pressure development [2,38], this effect can be partially
in intracellular calcium was similar in both untreated offset by using higher concentrations of calcium in the
groups during ischemia (¯650 nM) as well upon reperfu- perfusion medium [18]. Nevertheless, it has been demon-
sion (¯1000 nM). These similar increases occurred de- strated that this method is quite useful in comparing

1 21spite the reported lower activity of the Na –Ca ex- relative changes in intracellular calcium during ischemia
changer in diabetic hearts [9,33] and suggest that the and reperfusion [15,18,19].

1 21Na –Ca exchanger has sufficient activity to result in The structural characteristics of zopolrestat may suggest
large increases in calcium. The rise in calcium during that the cardioprotection could be independent of aldose
ischemia was limited in both zopolrestat treated diabetic reductase inhibition. However, preliminary results using a
and non-diabetic hearts, reductions that paralleled the structurally different aldose reductase inhibitor, sorbinil,
reductions in intracellular sodium. Diabetic zopolrestat- demonstrated cardioprotection and was also associated
treated hearts had no significant increases in intracellular with reductions in sodium and calcium during ischemia.
calcium during either ischemia or reperfusion, while non-
diabetic zopolrestat hearts had a significant increase in
intracellular calcium on reperfusion. These changes likely 5. Conclusions

1 21reflect the 3:1 stoichiometry of the Na –Ca exchanger
and the large effect of relatively small reductions in The data presented here demonstrate that zopolrestat, an
intracellular sodium on intracellular calcium [1,15,34], as aldose reductase inhibitor, limited the rise in intracellular
well as a possible threshold value of [Na] required for sodium and, hence, calcium during ischemia and reperfu-i

1 21reversal of the Na –Ca exchanger. Alternatively, either sion. The observed changes in intracellular sodium were
1 1a direct effect on calcium flux via calcium channels or partly attributable to increases in Na ,K -ATPase activity.
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1 11 1 Diabetes decreases Na –K pump concentration in skeletal mus-However, the complex interplay between the Na ,K -
cles, heart ventricular muscle, and peripheral nerves of rat. DiabetesATPase and other ion transport and metabolic systems in
1987;36:842–848.

diabetic and non-diabetic hearts suggest that the measured 1 1[11] Garner M, Spector A. Direct stimulation of Na ,K -ATPase and its
1 1changes in Na ,K -ATPase activity are not the sole glycosylated derivative by aldose reductase inhibitor. Diabetes

effectors of reduced intracellular sodium and calcium in 1987;36:716–720.
[12] Crisa L, Mordes JP, Rossini AA. Autoimmune diabetes mellitus inzopolrestat treated hearts. Furthermore, the effects of

the BB rat. Diabetes Met Rev 1992;8(1):9–37.zopolrestat on substrate metabolism and, potentially, ion
[13] Lopaschuk GD, Spafford MA. Acute insulin withdrawal contributes

transport pathways may contribute to the limitation in to ischemic heart failure in spontaneously diabetic BB Wistar rats.
intracellular sodium and calcium observed in these experi- Can J Physiol Pharmacol 1990;68:462–466.
ments. These findings support earlier studies that attenua- [14] Malloy CR, Buster DG, Castro MMCA, Geraldes CFGC, Jeffrey

FMH, Sherry AD. Influence of global ischemia on intracellulartion of the rise in sodium and calcium during ischemia and
sodium in the perfused rat heart. Magn Reson Med 1990;15:33–44.reperfusion protect hearts from ischemic damage. Further

[15] Steenbergen C, Perlman ME, London RE, Murphy E. Mechanism ofunderstanding of the mechanism(s) by which aldose reduc-
preconditioning: ionic alterations. Circ Res 1993;72:112–125.

tase inhibitors such as zopolrestat protect ischemic [16] Masuda T, Dobson GP, Veech RL. The Gibbs–Donnan near equilib-
myocardium may lead to novel therapeutic interventions rium system of the heart. J Biol Chem 1990;265:20321–20334.

[17] Ramasamy R, Zhao P, Gitomer WL, Sherry AD, Malloy CR.for the treatment of myocardial ischemia.
Determination of chloride potential in perfused rat hearts by nuclear
magnetic resonance spectroscopy. Am J Physiol 1992;263:H1958–
962.

Acknowledgements [18] Marban E, Kitakaze M, Koretsune Y, Yue DT, Chacko VP, Pike
21MM. Quantification of [Ca ] in perfused hearts: critical evaluation

of the 5F-BAPTA and nuclear magnetic resonance method asDr. Ramasamy is supported by an American Diabetes
applied to the study of ischemia and reperfusion. Circ ResAssociation Career Development Award and research
1990;66:1255–1267.

grants from the University of California, Davis, School of [19] Yanagida S, Luo CS, Doyle M, Pohost GM, Pike MM. Nuclear
Medicine, Hibbard E. Williams Fund, Juvenile Diabetes magnetic resonance studies of cationic and energetic alterations with

oxidant stress in the perfused heart. Modulation with pyruvate andFoundation International, and the National Institutes of
lactate. Circ Res 1995;77:773–783.Health. Dr. Schaefer is supported by a Grant-in-Aid from

[20] Scharschmidt BF, Keeffe EB, Blankenship NM, Ockner RK.the American Heart Association. The expert technical
Validation of a recording spectrophotometric method for measure-

assistance of Ms. Li-Feng Wang and the editorial / secre- ment of membrane-associated Mg and Na,K-ATPase activity. J Lab
tarial assistance of Ms. Penny Jones are greatly ap- Clin Med 1979;93:790–799.

1 1[21] Lee S-W, Schwartz A, Adams RJ, et al. Decrease in Na ,K -preciated.
3ATPase activity and [ H]ouabain binding sites in sarcolemma

prepared from hearts of spontaneously hypertensive rats. Hyperten-
sion 1983;5:682–688.

References [22] Tosaki A, Engelman DT, Engelman RM, Das DK. The evolution of
diabetic response to ischemia / reperfusion and preconditioning in
isolated working rat hearts. Cardiovasc Res 1996;31:526–536.[1] Anderson SE, Murphy E, Steenbergen C, London RE, Cala PM.

[23] Kupriyanov VV, Stewart LC, Xiang B, Kwak J, Deslauriers R.Na–H exchange in myocardium: effects of hypoxia and acidification
1 1Pathways of Rb influx and their relation to intracellular [Na ] inon Na and Ca. Am J Physiol 1990;259:C940–948.

the perfused rat heart. Circ Res 1995;76:839–851.[2] Steenbergen C, Murphy E, Watts JA, London RE. Correlation
[24] Butwell NB, Ramasamy R, Lazar I, Sherry AD, Malloy CR. Effectbetween cystolic free calcium, contracture, ATP, and irreversible

of lidocaine on contracture,intracellular sodium, and pH in ischemicischemic injury in perfused rat heart. Circ Res 1990;66:135–146.
1 rat hearts. Am J Physiol 1993;264:H1884–1889.[3] Pike MM, Luo CS, Clark MD, et al. NMR measurements of Na

1 1 [25] Ramasamy R, Liu H, Anderson S, Lundmark J, Schaefer S.and cellular energy in ischemic rat heart: role of Na –H exchange.
Ischemic preconditioning stimulates sodium and proton transport inAm J Physiol 1993;256(6):H2017–2026.
the isolated rat heart. J Clin Invest 1995;96:1464–1472.[4] Piper HM, Balser C, Ladilov YV, Schafer M, Siegmund B, Garcia-

1 11 1 [26] Karmazyn M, Ray M, Haist JV. Comparative effects of Na –HDorado D. The role of Na –H exchange in ischemia-reperfusion.
exchange inhibitors against cardiac injury produced by ischemia /Basic Res Cardiol 1996;91:191–202.
reperfusion, hypoxia / reoxygenation, and the calcium paradox. J[5] Ramasamy R, Oates PJ, Schaefer S. Aldose reductase inhibition
Cardiovasc Pharmacol 1993;21:172–178.protects diabetic and non-diabetic rat hearts from ischemic injury.

[27] Khandoudi N, Bernard M, Cozzone P, Feuvray D. Mechanisms ofDiabetes 1997;46:292–300.
intracellular pH regulation during postischemic reperfusion of[6] Ramasamy R, Trueblood NA, Schaefer S. Metabolic effects of
diabetic rat hearts. Diabetes 1995;44:196–202.aldose reductase inhibition during low-flow ischemia and reperfu-

[28] Khandoudi N, Bernard M, Cozzone P, Feuvray D. Intracellular pHsion. Am J Physiol 1998;275:H195–203.
1 1and role of Na –H exchange during ischemia and reperfusion of[7] Trueblood NA, Ramasamy R. Aldose reductase inhibition improves

normal and diabetic rat hearts. Cardiovasc Res 1990;24:873–878.the altered glucose metabolism of isolated diabetic rat hearts. Am J
[29] Mitani A, Shattock MJ. Role of Na-activated K channel, Na–K–ClPhysiol 1998;275:H75–83.

cotransport, and Na–K pump in [K]e changes during ischemia in the[8] Williamson JR, Chang K, Frangos M, et al. Hyperglycemic pseudo-
rat heart. Am J Physiol 1992;263(32):H333–340.hypoxia and diabetic complications. Diabetes 1993;42:801–813.

[30] Anderson SE, Dickinson CZ, Liu H, Cala PM. Effects of Na–K–2Cl[9] Schaffer S. Cardiomyopathy associated with noninsulin-dependent
cotransport inhibition on myocardial Na and Ca during ischemia anddiabetes. Mol Cell Biochem 1991;107:1–20.
reperfusion. Am J Physiol 1996;270:C608–618.[10] Kjeldsen K, Braendgaard H, Sidenius P, Larsen JS, Norgaard A.

 at U
niversity of C

alifornia, D
avis on June 18, 2011

cardiovascres.oxfordjournals.org
D

ow
nloaded from

 

http://cardiovascres.oxfordjournals.org/


R. Ramasamy et al. / Cardiovascular Research 42 (1999) 130 –139 139

31 1 1[31] Ramasamy R, Schaefer S. P NMR studies on myocardial protec- [35] Cohen MP, Klepser H. Glomerular Na -K -ATPase activity in
tion in bumetanide treated diabetic hearts (Abstract). Mag Reson acute and chronic diabetes and with aldose reductase inhibition.
Med 1995;3:1633. Diabetes 1987;36:716–720.

[32] Chen W, Steenbergen C, Levy LA, Vance J, London RE, Murphy E. [36] Tesfamariam B, Gupta S, Oates PJ, Ruderman NB, Cohen RA.
21 1 1Measurement of free Ca in sarcoplasmic reticulum in perfused Reduced Na –K pump activity in diabetic rabbit carotid artery:

rabbit heart loaded with 1,2-bis(2-amino-5,6-difluorophenox- reversal by aldose reductase inhibition. Am J Physiol
19y)ethane-N,N,N9,N9-tetraacetic acid by F NMR. J Biol Chem 1993;265:H1189–194.

1996;271:7398–7403. [37] Xia P, Kramer RM, King GL. Identification of the mechanism for
1 1[33] Dhalla NS, Pierce GN, Panagia V, Singhal PK, Beamish RE. the inhibition of Na , K -adenosine triphosphatase by hy-

Calcium movements in relation to heart function. Basic Res Cardiol perglycemia involving activation of protein kinase C and cytosolic
1982;77:117–139. phospholipase A . J Clin Invest 1995;96:733–740.2

[34] Schaefer S, Liu H, Ramasamy R. Fasting limits intracellular calcium [38] Steenbergen C, Murphy E, Levy L, London RE. Elevation in
during myocardial ischemia (Abstract). Circulation cytosolic free calcium concentration early in myocardial ischemia in
1997;96(Suppl):I–200. perfused rat heart. Circ Res 1987;60:700–707.

 at U
niversity of C

alifornia, D
avis on June 18, 2011

cardiovascres.oxfordjournals.org
D

ow
nloaded from

 

http://cardiovascres.oxfordjournals.org/



