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Abstract
A number of studies have shown that the polyol pathway, consisting of aldose reductase (AR) and
sorbitol dehydrogenase (SDH), contributes to ischemia–reperfusion (I/R)-induced myocardial
infarction due to depletion of ATP. In this report we show that the polyol pathway in I/R heart also
contributes to the impairment of sacro/endoplasmic reticulum Ca2+-ATPase (SERCA) and
ryanodine receptor (RyR), two key players in Ca2+ signaling that regulates cardiac contraction.
Rat hearts were isolated and retrogradely perfused with either Krebs’ buffer containing 1 μM AR
inhibitor, zopolrestat, or 200 nM SDH inhibitor, CP-170,711, and challenged by 30 min of
regional ischemia and 45 min of reperfusion. We found that post-ischemic contractile function of
the isolated perfused hearts was improved by pharmacological inhibition of the polyol pathway. I/
R-induced contractile dysfunction is most likely due to impairment in Ca2+ signaling and the
activities of SERCA and RyR. All these abnormalities were significantly ameliorated by treatment
with ARI or SDI. We showed that the polyol pathway activities increase the level of peroxynitrite,
which enhances the tyrosine nitration of SERCA and irreversibly modify it to form SERCAC674-
SO3H. This leads to reduced level of S-glutathiolated SERCA, contributing to its inactivation. The
polyol pathway activities also deplete the level of GSH, leading to decreased active RyR, the S-
glutathiolated RyR. Thus, in I/R heart, inhibition of polyol pathway improved the function of
SERCA and RyR by protecting them from irreversible oxidation.

INTRODUCTION
Contractile dysfunction often occurs after acute myocardial infarction, cardiac bypass
surgery, heart transplantation, and coronary angioplasty (1). It has been shown that early
reperfusion after coronary occlusion improves heart functions and reduces infarct size (2).
However, reperfusion after a certain time period of ischemia may exacerbate cardiac
contractile dysfunction, ultrastructural damage, and changes in myocardial metabolism (3).

During ischemia-reperfusion (I/R), cardiac contractile dysfunction is attributed to the
impairment of calcium (Ca2+) handling activities of the cardiomyocyte. Under normal
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condition, Ca2+ homeostasis is exquisitely controlled by regulatory proteins in sarcolemmal
and sarcoplasmic reticulum (SR) membranes. Ca2+ enters the cardiomyocyte via the L-type
Ca2+ channels when the sarcolemmal membrane is depolarized. Entry of Ca2+ triggers
further release of Ca2+ through the ryanodine receptor (RyR) of the SR, leading to a large
increase in cytosolic Ca2+ concentration, known as the intracellular [Ca2+] transient
([Ca2+]i) (4). The elevated [Ca2+]i, which stimulates contraction of the myofilaments, is
removed mainly to the SR by the Ca2+-ATPase (SERCA) and out of the cell by the Na+/
Ca2+ exchanger (NCX) to initiate relaxation. These periodic changes in [Ca2+] between
cytosol and SR control the cycles of excitation-contraction (EC) coupling and relaxation.
Abnormalities in Ca2+ handling leading to cytosolic [Ca2+] overload, has been suggested to
explain contractile dysfunction of the heart following I/R in the heart (3). However, the
mechanism is not entirely clear.

Apart from the impairment in Ca2+ homeostasis, the increase in reactive oxygen species
(ROS) within the first few minutes of reperfusion has been proposed to explain the I/R-
induced contractile changes in the heart (5). In fact, exposure of the heart to different species
of ROS has been shown to cause functional alterations (6) similar to that observed in the I/R
heart. More importantly, these changes have been demonstrated to be attributed to
abnormalities in Ca2+ handling by the SR (7) and sarcolemma (8). Therefore it is likely that,
during I/R, release of ROS impaired the Ca2+ handling activities in the cardiomyocytes. In
this report we demonstrated that polyol pathway contributes to the increased ROS during I/R
leading to impairment of two key calcium handling proteins, SERCA and RyR, in the rat
heart.

Polyol pathway has been implicated in the pathogenesis of various diabetic complications
(9,10). In this metabolic pathway, glucose is reduced to sorbitol by aldose reductase (AR;
EC 1.1.1.21) with the oxidation of its co-factor NADPH to NADP, and sorbitol is then
converted to fructose by sorbitol dehydrogenase (SDH: EC 1.1.1.14) with the concomitant
reduction of NAD+ to NADH (11). Under hyperglycemia, increased flux of glucose through
the polyol pathway leads to the depletion of NADPH and NAD+. Decrease in the level of
NADPH is thought to lead to decreased level of reduced glutathione (GSH) because
NADPH is also the co-factor for glutathione reductase (GR) that regenerates GSH from
oxidized glutathione (GSSG) (12). Further, increased level of NADH, a substrate for
NAD(P)H oxidase, would increase ROS. Thus, increased polyol pathway activity would
decrease antioxidation defense and increase ROS, resulting in increased oxidative stress.

Importantly, it has been demonstrated that the polyol pathway is activated in I/R heart even
in non-diabetic animals (13). It has been shown to play a key role in I/R induced injury of
the heart (13–15) and brain (16). The protective effect of inhibition of AR or SDH against
myocardial I/R injury is thought to be due to normalization of cytosolic NADH/NAD+ ratio,
thereby preventing the depletion of ATP and redox imbalance. Thus, AR and SDH present
novel targets for pharmacological protection against I/R-induced injuries of the heart.

A recent study in our laboratory demonstrated that in the I/R hearts of non-diabetic rats
polyol pathway-mediated depletion of NAD+ leads to the induction of HIF-1α, which
increases the expression of TfR and consequently, increases Tf-bound Fe uptake,
contributing to increased Fe-catalyzed oxidative damage (17). Thus, together with depletion
of GSH and increase in ROS, it is likely that activation of polyol pathway in I/R heart
contributes to the impairment of SERCA and RyR, leading to cardiac dysfunction.
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EXPERIMENTAL PROCEDURES
Animal model

Sprague-Dawley male rats weighing between 200g to 250g were supplied by the Laboratory
Animal Unit, University of Hong Kong. The study protocol was approved by the Committee
on the Use of Experimental Animals for Teaching and Research of The University of Hong
Kong. Also, the investigation conforms with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

Isolated perfused heart preparation
Hearts were isolated and perfused as described previously (18). Rats were anaesthetized
with sodium pentobarbital (60 mg kg−1, i.p.) and given heparin (200 IU, i.v.) before
decapitation. Hearts were excised immediately and, placed in ice-cold Krebs–Henseleit
perfusion buffer before mounting on the Langendorff apparatus for perfusion. Isolated hearts
were perfused retrogradely with Krebs–Henseleit buffer equilibrated with 95% O2+5% CO2
at a constant pressure of 80 cm H2O and a temperature of 37 °C. Hearts exhibiting
arrhythmias during stabilization were discarded. A latex balloon was inserted into the left
ventricle and the end-diastolic pressure (LVEDP) was adjusted to 4–8 mm Hg. The cardiac
parameters, such as heart rate, left ventricular developed pressure (LVDP), and + dp/dtmax
and − dp/dtmax representing, respectively, maximum derivatives of the ventricular pressure
(± dp/dtmax) were monitored continuously by a PowerLab/4SD system (AD Instruments,
Castle Hill, Australia).

Ischemia/reperfusion (I/R) protocol of isolated perfused rat hearts
Regional ischemia was induced by ligation of the left anterior descending artery in the left
ventricles with a surgical suture for 30 min. Reperfusion was achieved by releasing the
ligation, and the hearts were harvested after 45 min. After stabilization period of 30 min,
hearts were perfused with modified Krebs–Henseleit buffer containing 5 μmol/L ARI
(zopolrestat) or 1 μmol/L SDH inhibitor (CP-470,711) starting 10 min before ischemia and
continued throughout reperfusion. Both zopolrestat and CP-470,711 were gifts from Pfizer
Global Research and Development. The concentration of zoplrestat and CP-470,711 used in
the present study was based on the previous findings that this dose was sufficient to protect
heart from ischemic injury (13,19). Dose response for these inhibitors was performed to
determine the optimal dose (see the supplementary figure 5). Myocardial injury was
assessed by lactate dehydrogenase (LDH) efflux. Effluent from isolated perfused rat heart
was collected at 40 min after reperfusion and LDH was assayed spectrophotometrically by
using a kit from Sigma-Aldrich (St. Louis, MO, USA). LDH activity measured was
expressed as units per liter.

Isolation of rat ventricular myocytes and I/R of rat cardiomyocytes
Ventricular myocytes were isolated from the hearts by the collagenase method described
previously (20). After isolation, they were allowed to stabilize for 30 min before
experiments. The yield of myocytes was determined microscopically using a
haemocytometer. Myocyte viability was assessed by Cell Titer Blue reagent (Promega,
Madison, WI, USA). Preparations were considered satisfactory only if rod-shaped cells
accounted for >80% of the counted cells at the beginning of each experiment. Myocytes
were first subjected to 60-min pretreatment with an AR inhibitor (5 μmol/L zopolrestat) or
SDH inhibitor (1 μmol/L CP-470,711) in normal Krebs’ solution. After incubation,
myocytes were subjected to metabolic inhibition and anoxia with glucose-free Krebs’
solution for 10 min containing 10-glucose mmol/L 2-deoxy-D(2-DOG), an inhibitor of
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glycolysis, and 10 mmol/L sodium dithionite (Na2S2O4), an oxygen scavenger (21). Finally,
the myocytes were transferred back to normal Krebs’ solution for 10-min reperfusion. LDH
release was determined using a cytotoxicity detection kit (Roche, Indiana-polis, IN, USA)
according to the manufacturer’s instructions.

Measurement of [Ca2+]i transients in the single cardiomyocyte
[Ca2+]i transients were measured using a spectrofluorometric method with fura-2 AM as the
Ca2+ indicator as described previously (22). Ventricular myocytes were incubated with 5
μM fura-2 AM for 30 min. Fluorescent signals obtained at 340-nm and 380-nm excitation
wavelengths were recorded and stored in computer for data processing and analysis.
Cardiomyocytes were subjected to 0.2 Hz electrical stimulation with a 15-ms pulse at 60 V
through two platinum wires in the bathing chamber. The amplitude of electrically induced
[Ca2+]i transient (E[Ca2+]i) was determined as the difference between the resting and the
peak [Ca2+]i levels; the time for 50% decay of the transient (t50) was used to quantitate the
decay of transients.

Isolation of SR vesicles and measurement of 45Ca2+ uptake
SR vesicles were obtained by a method described previously with some modifications
(23,24), and the ATP-dependent transport of Ca2+ to SR was measured at room temperature
(22 °C) with a method described previously (25). SR protein (50–100 μg) was added to 1 ml
of a medium that contained 40 mmol/L imidazole-HCl (pH 7.0), 100 mmol/L KCl, 20
mmol/L NaCl, 5 mmol/L MgCl2, 4 mmol/L ATP-Na2, 1.3 μCi 45 CaCl2, 5 μmol/L Ru-360,
an inhibitor of Ca2+ uptake in mitochondria (26), and 5 μmol/L calmidazolium, an inhibitor
of sarcolemmal Ca2+-ATPase (27). The concentration of free Ca2+ in this solution (5 μmol/
L) was determined by a Ca2+-EGTA buffer and calculated according to Fabiato and Fabiato
(28). To measure the oxalate-supported Ca2+ uptake, 5 mmol/L K-oxalate was added to the
aforementioned solution. After 2–20 min, aliquots of 0.9 ml were filtered through Millipore
filters (0.45 μm; Bedford, MA). Filters were washed three times with 4 ml of cold (2–4 °C)
solution containing 40 mmol/L imidazole-HCl (pH 7.0), 100 mmol/L KCl, and 0.1 mmol/L
EGTA. After being washed, the Millipore filters were placed into vials containing 10 ml of
scintillation cocktail (Universal LSC cocktail for aqueous samples, Sigma) and left for about
40 min. The radioactivity was then counted in scintillation counter (LS 6500, Beckman).

The 45Ca2+ uptake by SERCA was defined as the difference between the rate of 45Ca2+

uptake in the K-oxalate containing solution in the presence and absence of 10 μmol/L
cyclopiazonic acid, a specific inhibitor of SERCA (29). The difference between uptake in
the presence and absence of 50 μmol/L ryanodine, a specific blocker of RyR, was defined as
the 45Ca2+ release via the RyR receptor. The concentration of ryanodine used in this study
was based on a previous report (25).

Biochemical assay for lactate and pyruvate
To determine changes in the cytosolic redox state (i.e. NADH/NAD+), parallel experiments
were performed with hearts freeze-clamped before ischemia; at the end of 30 min of
ischemia; and after 45 min of reperfusion. Lactate and pyruvate were extracted from the
freeze-clamped tissue using perchloric acid and measured using standard biochemical assays
as we published previously (17).

Measurement of sorbitol and fructose content
High performance liquid chromatography (HPLC) was performed to determine the levels of
sorbitol and fructose in rat hearts as previously described (17). Briefly, approximately 300
mg of frozen samples were homogenized in 1 ml of ice cold 5% trichloroacetic acid with 5.5
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μl of 10 mmol/L xylitol added as an internal standard. Twenty five μl of sample was injected
into HPLC MA-1 analytical column (Dionex) by AS-50 autosampler (Dionex), and the
components in the sample were separated at a flow rate of 0.4 ml/min. The level of sorbitol
and fructose content was determined by integrated amperometry, and the peaks were
analyzed by Dionex Peaknet software. The amount of sorbitol and fructose was normalized
to the wet weight of the tissue.

Determination of oxidative stress
The oxidative stress was determined by the method described previously (30). Briefly, about
100 mg of the heart tissue was minced and then incubated in 1 ml of Krebs-Ringer’s
solution containing 0.5 μmol/L lucigenin at pH 7.4. The chemiluminescence elicited by
oxidative stress in the presence of lucigenin was measured in a luminometer (Berthold
Lumat LB9507). The level of oxidative stress was reported as RLU after background
luminescence subtraction and normalized to milligram wet tissue weight. To validate that
the chemiluminescence signals were derived from oxidative stress, the presence of 10 mM
Tiron, a superoxide scavenger, was added as a control.

Determination of GSH level
Approximately 100 mg of the heart tissue was minced and then homogenized in 1 ml of 6 %
perchloric acid. The homogenate was centrifuged at 13,000 rpm for 10 mins at 4 °C. The
supernatant was collected and added to the solution containing 85.7 μl of 70 % perchloric
acid, 14.3 μl of dddH2O and 107 μl of 5 mol/L K2CO3, and then centrifuged at 4,000 rpm
for 5 minutes under 4 °C. After centrifugation, 100 μl of supernatant was added to 890 μl of
Tris-EDTA (pH 8.1) and 10 μl of O-pathaldialdehyde and the reaction mixture was kept on
ice for 15 min. After that, the absorbance of the mixture was measured with a fluorescent
spectrometer (425 nm; excitation at 345 nm). The concentration of GSH in the tissue was
calculated from the GSH standard curve.

Immunohistochemistry
Paraffin sections of the hearts were deparaffinized in xylene and rehydrated with a graded
series of ethanol. After washing, sections were blocked with 0.3% hydrogen peroxide for 15
min. The sections were then blocked for 1 h with 1.5% normal goat serum (Vector
Laboratories, Burlingame, CA). Sections were then incubated with rabbit anti-nitrotyrosine
(NT) (1:200; Santa Cruz Biotechnology) overnight at 4°C. Immunoreactivity was detected
with biotinated goat anti-rabbit secondary antibodies and the avidin-biotin-peroxidase
complex (Vector Laboratories). Immunoreactive signal was developed using
diaminobenzidine as a substrate (Zymed Laboratories, San Francisco, CA) for 2 min.
Photomicrographs were taken with an Olympus IX71 microscope system. All histological
and immunohistochemical samples were coded and examined and graded in a blinded
fashion.

Immunohistochemical staining of ROS modification of SERCA was performed using
antibodies against SERCAC674-SO3H (31). Briefly, nonspecific binding was blocked with
10% normal goat serum in phosphate-buffered saline (PBS, pH 7.4) for 30 min before
incubation with individual primary antibodies. Anti-SERCA C674-SO3H antibody was used
at 2 μg/mL. The secondary antibody, a biotinylated anti-rabbit IgG secondary antibody was
used at 1:200. Vector Red alkaline phosphatase substrate (Vector) was used to visualize
positive immunoreactivity.
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Immunoprecipitation with anti-SERCA2 or anti-RyR antibody
The immunoprecipitation was performed as described (21). Briefly, one milligram of protein
extract was diluted in 500 μl of lysis buffer. After preclearing with protein G agarose, the
supernatant was mixed with 10 μl of anti-SERCA2 or anti-RyR, and then incubated at 4 °C
for 4 hrs. Prewashed protein G (50μl) was added to the samples, and further incubated for 1
hr. For detecting the tyrosine nitration of SERCA, the immunocomplex was resuspended in
Laemmli’s buffer containing mercaptoethanol. For detecting the S-glutathiolation of RyR
and SERCA, the immunocomplex was resuspended in non-reducing loading buffer
containing 5mM N-ethylmaleimide. The samples with the loading buffer were then boiled at
5 min at 90 °C. The samples were separated by SDS-PAGE and transferred
electrophoretically. After blocking, the membrane was incubated overnight at 4 °C with
rabbit anti-nitrotyrosine (1:200; Santa Cruz Biotechnology), goat anti-SERCA (1:400; Santa
Cruz Biotechnology), mouse anti-glutathione (1:1000; Virogen) or mouse anti-RyR (1:3,330
dilution; Affinity BioReagent, Golden, CO) in blocking solution. The second antibody was
either anti-goat or anti-mouse antibody conjugated to horseradish peroxidase for 1 h at room
temperature, followed by detection using the chemiluminescence method.

Statistical Analysis
All data were expressed as means ± SE. One-way analysis of variance, followed by
Newman-Keuls multiple comparison tests, was used to assess differences between the mean
values within the same study. A difference of p<0.05 was considered significant.

RESULTS
Polyol pathway activities in pre-ischemic, ischemic and reperfused rat hearts

To assess the polyol pathway activities in the I/R rat hearts, the levels of sorbitol and
fructose, the enzymatic products of AR and SDH, respectively, were determined in the pre-
ischemic, ischemic and post-ischemic reperfused hearts (Fig. 1). There was no significant
change in sorbitol and fructose level after 30 mins of ischemia. However, there was a
significant increase in fructose level in the reperfused hearts, indicating increased polyol
pathway activity during reperfusion. This was confirmed by large increase in sorbitol in the
reperfused heart treated with SDH inhibitor that blocks the conversion of sorbitol to
fructose. Treatment with AR or SDH inhibitor prevented the increase in fructose level in the
reperfused hearts, indicating that the increased fructose was synthesized by the polyol
pathway and that the AR and SDH inhibitors were effective in blocking the polyol pathway
enzyme activities.

Inhibition of the polyol pathway improved contractile dysfunction of the I/R hearts
The ischemic insult caused marked decrease in LVDP, LVSP and ±dP/dtmax, and
reperfusion led to marked elevation in LVEDP. To determine the role of polyol pathway in
the contractile function, we used two specific inhibitors, AR inhibitor (ARI), zopolrestat and
SDH inhibitor (SDI), CP-470,711. These two inhibitors have been extensively studied in the
previous reports (13,17,19,32,33), with no unintended effect on myocardial function. To
further test the effect of these two inhibitors in our model, the pharmacological control was
done, and no effect was found on myocardial function under normal condition (data not
shown). During I/R, inhibition of AR with 5 μM zopolrestat significantly attenuated the
reduction in LVDP, ±dP/dtmax and the elevation in LVEDP compared to the vehicle group.
Similar effect was also observed in the hearts treated with 1 μM SDH inhibitor CP-470,711.
Among all the groups, no difference was found in LVSP (Fig. 2), and the heart rate
remained steady during I/R (see the supplementary figure 4). To determine the extent of
myocardial injury during I/R and the effect of inhibition of AR and SDH, LDH release was
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measured at 45 min after reperfusion. As shown in Figure 2F, there was a significant
increase in LDH release in the I/R group compared to SH group. Inhibition of AR or SDH
slightly reduced the LDH release but the difference was not statistically significant. These
results indicated that inhibition of polyol pathway improved the contractile function during
I/R, but the I/R-induced myocardial injury could not be protected by AR and SDH
inhibitors.

Inhibition of the polyol pathway attenuated the increase in cytosolic lactate/pyruvate ratio
in I/R hearts

Previous findings indicate that the rise in cytosolic NADH/NAD+ ratio, as represented by
increased cytosolic lactate/pyruvate (L/P) ratio, is an important indicator of AR-mediated
ischemic injury (17,34). As shown in Table 1, the cytosolic L/P ratio was increased
significantly during I/R, and the absolute amount of lactate and pyruvate was shown in the
supplementary figure 3. Similar to previous reports, inhibition of AR or SDH both
attenuated the increase in cytosolic L/P ratio in the I/R heart in our experimental protocol.

Inhibition of the polyol pathway attenuated the reduction in GSH level and the increase in
the oxidative stress in I/R hearts

I/R significantly reduced the level of GSH in the heart. Inhibition of AR attenuated the I/R-
induced decrease in GSH level, and similar effect was found in the SDI-treated group.
Further, oxidative stress was significantly elevated in I/R hearts, and such increase was
attenuated by the inhibition of AR and SDH (Fig. 3).

Inhibition of polyol pathway reduced the level of peroxynitrite in I/R hearts
Formation of nitrotyrosine (NT), reflecting the level of peroxynitrite, is an important
oxidative stress marker. Immunohistochemical staining of the heart slices showed that NT
level was much higher in the I/R heart than that in the control group, indicating that I/R led
to large increases in peroxynitrite. Inhibition of AR or SDH effectively reduced the level of
nitrotyrosine (Fig. 4), demonstrating that polyol pathway contributed to the increased level
of peroxynitrite. This observation further confirmed that the polyol pathway is an important
contributor to I/R-induced oxidative stress in the heart.

Inhibition of polyol pathway improved the impairment of Ca2+ homeostasis in
cardiomyocytes induced by I/R

To further understand the role of polyol pathway in I/R-induced contractile dysfunction we
investigated the effect of inhibition of AR and SDH activities on Ca2+ signaling of
cardiomyocytes under simulated I/R conditions. No significant increase in LDH release was
found in cardiomyocytes subjected to I/R, indicating no significant cell death in the short
period of ischemia and reperfusion (see the supplementary figure 1). Contraction of the cells
was induced by electrical pacer at 0.2 Hz. The representative tracings of electrically
stimulated [Ca2+]i transients were shown in Figure 5E. The amplitude of the electrically-
induced Ca2+ signal (E[Ca2+]i) that has been shown to be directly correlated with
contraction (24), was greatly reduced after I/R. It was restored in the presence of AR or
SDH inhibitors (Fig. 5A).

The basal Ca2+ level, representing the diastolic cytosolic Ca2+ content, was increased from
0.5 AU to 0.675 AU after 10 min of ischemia, and to 0.65 AU after 10 min of reperfusion.
Inhibition of AR maintains the basal Ca2+ level close to the pre-ischemic level after
ischemia and reperfusion. For SDH-inhibited group, after 10-min ischemia, the basal Ca2+

level was slightly increased to 0.55 AU, and returned to normal level after 10-min
reperfusion (Fig. 5B).
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Time to peak of E[Ca2+]i (TP) represents the rate of Ca2+ release from the SR, mainly via
RyR. After 10 min of ischemia, TP was increased by 150%, suggesting that ischemia
reduced RyR activity. Inhibition of AR or SDH reduced TP to 120% and 130% respectively
(Fig. 5C). In the control cells, 10 min of reperfusion reduce TP from 150% to 125% of cells
before ischemia. In cells treated with AR or SDH inhibitors, TP was further reduced to
100% and 110%, respectively. These results indicated that blocking the polyol pathway
protects the RyR against I/R-induced damages.

The decay of E[Ca2+]i is mainly determined by Ca2+ uptake via SERCA, which is
responsible for the removal of approximately 90% of Ca2+ from the cytoplasm (35). We
therefore measured the time to reduce 50% of the peak E[Ca2+]i (t50) as an indicator of
SERCA activity. In the control cells after 10-min ischemia and 10-min reperfusion, t50 was
increased to 150% and 130% respectively, of the pre-ischemic cells. Inhibition of AR
reduced t50 of the ischemic and reperfused cells to 125% and 110% respectively, of the pre-
ischemic cells. Inhibition of SDH also reduced t50 of the I/R cells to a similar extent (Fig.
5D).

Inhibition of polyol pathway restored the activities of SERCA and RyR during I/R
To better understand how polyol pathway contributes to I/R-induced impairment in Ca2+

homeostasis, we measured 45Ca2+ uptake in the isolated SR vesicles as described in the
methods. We first determined the 45Ca2+ uptake via SERCA by SR. After 10 min of
ischemia, Ca2+ uptake was decreased from 35 nmol mg−1 min−1 to 20 nmol mg−1 min−1,
and it was not changed by 10 min reperfusion (Fig. 6B&D). Inhibition of AR restored Ca2+

uptake to 30 nmol mg−1 min−1 after ischemia as well as after reperfusion. Similarly,
inhibition of SDH improved Ca2+ uptake to 30 nmol mg−1 min−1 after ischemia and 26
nmol mg−1 min−1 after reperfusion. However, the level of SERCA protein was not changed
after 10-min ischemia and 10-min reperfusion. In addition, inhibition of AR or SDH did not
alter its protein level (see the supplementary figure 2).

Ryanodine-sensitive 45Ca2+ release rate, an indication of SR Ca2+ release through the RyR,
was decreased from 3.5 nmol mg−1 min−1 to 2.5 nmol mg−1 min−1 after 10 min of ischemia;
and decreased to 3 nmol mg−1 min−1 after 10 min reperfusion (Fig. 6A&C). Inhibition of
AR or SDH restored the uptake to 3 nmol mg−1 min−1 after ischemia; and restored to 3.5
nmol mg−1 min−1 after reperfusion. Similar to SERCA protein the level of RyR protein was
not altered by I/R, and also inhibition of AR or SDH also had no effect on its protein level
(see the supplementary figure 2).

Inhibition of polyol pathway attenuated the tyrosine nitration of SERCA2 and maintained
the S-glutathiolation of SERCA2 in I/R rat hearts

Previous studies have shown that SERCA2 is sensitive to oxidative stress and its activity is
inhibited by both ONOO− and nitrotyrosine formation, and these multiple oxidations block
the S-glutathiolation of SERCA (i.e. GSS-SERCA), which increases SERCA activity
(21,36–38). As stated above, we found that the activity of SERCA2 was impaired, and
superoxide anion and ONOO− production increased in I/R hearts. To determine if SERCA2
in I/R hearts have increased nitrotyrosine, the protein was immunoprecipitated from heart
extracts using anti-SERCA2 antibody and analyzed by western blot using anti-nitrotyrosine
antibody (Fig. 7). The level of nitrotyrosine on SERCA2 was significantly increased in I/R
hearts, and inhibition of either AR or SDH attenuated tyrosine nitration of SERCA2,
suggesting that blockade of polyol pathway restored the activity of SERCA2 by attenuating
the formation of nitrotyrosine.
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Besides tyrosine nitration of SERCA, S-glutathiolation of SERCA also affects its activity.
As shown in Figure 7 the amount of GSH on the immunoprecipitated SERCA was
significantly decreased in I/R heart, indicating that the level of GSS-SERCA was lowered in
I/R hearts. Inhibition of either AR or SDH restored the level of S-glutathiolation, suggesting
that the blockade of polyol pathway restored the activity of SERCA by normalizing S-
glutathiolation.

Inhibition of polyol pathway attenuated the I/R-induced oxidation of cystein-674 in SERCA
Previous studies demonstrated that high level of peroxynitrite irreversibly oxidized
cysteine-674 of SERCA to the sulfonic acid form, contributing to its inactivation (31,39).
Therefore, antibodies specific for SERCAC674-SO3H, was used to examine the role of
polyol pathway in the I/R inactivation of SERCA. Compared to control, the left ventricle
from the I/R group showed large increase in the staining of SERCAC674-SO3H, and the
staining was substantially reduced in tissues treated with ARI or SDI (Fig. 8), indicating that
polyol pathway is a major contributor to I/R inactivation of SERCA.

Inhibition of polyol pathway maintained the S-glutathiolation of RyR in I/R hearts
It has been reported that GSH acts as a cofactor for the stimulation of H2O2-mediated
calcium release by RyR in cardiac myocytes (40). S-glutathionation of cysteine residues of
RyR was found in normal hearts, and the level was increased under myocardial
preconditioning (41). Therefore, we investigated if the polyol pathway influenced the level
of S-glutathiolation of RyR in I/R hearts. To assess the effect of polyol pathway on the level
of S-glutathiolation of RyR in I/R hearts, RyR was immunoprecipitated and analyzed by
western blotting with anti-GSH antibody (Fig. 9). The level of RyR S-glutathiolation was
significantly decreased in I/R hearts, and inhibition of either AR or SDH restored the level
of S-glutathiolation, suggesting that the blockade of polyol pathway restored the activity of
RyR by S-glutathiolation.

DISCUSSION
The isolated rat hearts subjected to 30 min of ischemia followed by 45 min of reperfusion
exhibited a significant impairment in their contractile function. This includes the decrease in
LVDP, LVSP and ±dP/dtmax, and the elevation in LVEDP. These contractile abnormalities
were significantly attenuated by the inhibition of AR or SDH, indicating that polyol pathway
is an important contributor to I/R-induced abnormalities in cardiac contraction. To better
understand the mechanism, intracellular Ca2+ transients in cardiomyocytes were analyzed.
Rat cardiomyocytes subjected to simulated I/R showed significant alternations in Ca2+

signal profile. This includes increases in base to peak time and decay time of Ca2+ transient,
accompanied by decrease in Ca2+ peak amplitude and increase in basal Ca2+ level. All these
changes are most likely consequences of the alternations in the function of RyR and
SERCA.

Indeed we found that during I/R, the RyR activity was significantly decreased, and this
reduction was attenuated by inhibition of AR or SDH. Similarly SERCA activity was
reduced during I/R, and inhibition of AR or SDH restored its activity. We showed that
polyol pathway activity was increased during I/R, consistent with previous studies. During
ischemia, no significant increases in sorbitol and fructose were found due to low level of
glucose available. During post-ischemic reperfusion, increase in the availability of glucose
for the polyol pathway led to a significant rise in sorbitol level was found in the SDH
inhibited group.
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The polyol pathway most likely impaired the RyR and SERCA activity during post-ischemic
reperfusion by increasing oxidative stress. We showed that GSH level was reduced and
superoxide level elevated in I/R hearts, and these changes were significantly attenuated by
the administration of ARI and SDI. GSH is required for glutathione peroxidase to remove
ROS. Thus low level of GSH would lead to increased level of ROS. Furthermore, one of the
major sources of ROS in cardiomyocytes is superoxide produced by the membrane
associated NADH oxidase, an enzyme controlled by cytosolic NADH/NAD+ ratio and
oxygen pressure (30). During I/R, the activation of the polyol pathway increased the level of
NADH as the consequence of oxidation of sorbitol into fructose by SDH. The increased
NADH stimulates NADH oxidase, which is in close proximity to SR, to generate ROS
(30,42). Increased ROS inhibits SERCA by oxidizing the cysteine thiols, interfering with the
ATP binding site, making it unable to hydrolyze the ATP (43). Recently, it has been
demonstrated that, in the presence of GSH, NO-derived peroxynitrite reversibly modifies
SERCA by S-glutathiolation into the activated form, GSS-SERCA (38). However, too much
peroxynitrite irreversibly inactivates SERCA.

Multiple oxidations were previously found to be associated with a 50% decrease in SERCA
activity in atherosclerotic rabbit aorta (21). In the I/R hearts, the increased level of
peroxynitrite led to increased tyrosine nitration of SERCA, and accompanied by decreased
GSS-SERCA level. We showed that inhibition of AR or SDH normalized the levels of
nitrotyrosine in SERCA and GSS-SERCA. Moreover, inhibition of the polyol pathway also
attenuated the I/R-induced increase in SERCAC674-SO3H, the irreversibly oxidized form of
SERCA, which has been shown to contribute to the inactivation of SERCA (31,39).

RyR activity also appeared to be reduced by I/R and ameliorated by inhibition of AR or
SDH. Polyol pathway-mediated increased ROS could irreversibly inactivates RyR by
distorting its protein structure, although initial stimulation of its activity by oxidative
modification was also observed (44). It has been shown that the gating property of cardiac
RyR is modulated by the cytosolic NADH/NAD+ ratio. NADH inhibits the current through
RyR channels by a mechanism that required oxidation of NADH and reversed by NAD+

(45). It is well established that SDH activity increased cytosolic NADH/NAD+ ratio in
diabetic tissues. Here we showed that NADH/NAD+ ratio, as reflected by L/P ratio, was also
increased in I/R hearts, contributing to the impairment of RyR. It has been shown that S-
glutathiolation of RyR causes a significant stimulation of channel activity in skeletal RyR
(46,47), and S-glutathiolation of cardiac RyR was observed under normal and myocardial
preconditioning (41). We found that S-glutathiolation of the cardiac RyR2 was reduced
during I/R, and inhibition of the polyol pathway attenuated the decrease in S-glutathiolation
of cardiac RyR2. This provides another explanation for polyol pathway’s contribution to
contractile dysfunction of I/R hearts. However, the decreased RyR activity we measured
may also be due to decreased Ca2+ content in SR. This is because the measurement of RyR
activity was based on the difference between SR Ca2+ uptake in the presence and absence of
ryanodine, and the amount of Ca2+ release via RyR is dependent on the amount of Ca2+ load
in SR. Therefore, the reduced Ca2+ load in SR due to depressed SERCA activity, may lead
to the apparent reduction in RyR activity.

The present study demonstrated that the decreased LVEDP during reperfusion was caused
by the impairment of cardiac SERCA and RyR due to the irreversible modification of
SERCA and RyR by the polyol pathway-induced oxidative stress. It is possible that the
alteration of calcium binding affinity and function of other contractile proteins may also
contribute to the decreased LVEDP under reperfusion. Recently, it was found that the
decreased of cardiac function after ischemia/reperfusion was contributed by the proteolytic
degradation of cardiac troponin I, resulting in alterations in cross-bridge cycling (48).
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Although inhibition of the polyol pathway has been shown to reduce infract size of the 2
hour I/R protocol, it is unlikely that protection of SERCA and RyR activity by AR or SDH
inhibitors is a non-specific consequence of protection against I/R-induced cell damage in our
protocol of 30 minutes ischemia followed by 45 minutes reperfusion, where previous studies
(49) and unpublished studies of our own showed little infarct. Moreover, the protective
effect of AR and SDH inhibitors were also demonstrated in the cardiac cell studies, where
there were no significant increase in cell death or leakage of LDH after 10-minute ischemia
followed by ischemia. This is consistent with the previous finding that a short period (up to
20 minutes) of simulated ischemic condition similar to that reported here, followed by
reperfusion, causes no significant decrease in cell viability (50).

In conclusion we demonstrated that during I/R, the polyol pathway activities increase
oxidative stress, leading to increased tyrosine nitration of SERCA, irreversible modification
to form SERCAC674-SO3H, reduction of GSS-SERCA. Polyol pathway activities also
decrease S-glutathiolation of RyR in I/R hearts. The increased oxidation of the two major
Ca2+ handling proteins contributes to the impairment of contractile dysfunction. Thus
inhibiting AR or SDH in the I/R heart not only would reduce infarct size as demonstrated
earlier (15,17), but would also improve post-ischemic contractile function.
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LIST OF ABBREVATIONS

AR aldose reductase

ARI aldose reductase inhibitor

ATP adenosine triphosphate

E[Ca2+]i electrically induced calcium transient

GAPDH glyceraldehydes-3-phosphate dehydrogenase

GSH glutathione

HR heart rate

[Ca2+]i intracellular calcium

I/R ischemia-reperfusion

LDH lactate dehydrogenase

LVEDP left ventricular end-diastolic pressure

LVDP left ventricular developed pressure

LVSP left ventricular systolic pressure

NAD+ nicotinamide adenine dinucleotide

NADH reduced nicotinamide adenine dinucleotide

NADP+ nicotinamide adenine dinucleotide phosphate

NADPH reduced nicotinamide adenine dinucleotide phosphate

NCX Na+/Ca2+ exchanger

NT nitrotyrosine
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RLU relative light unit

ROS reactive oxygen species

RyR ryanodine receptor

SERCA sacro/endoplasmic reticulum Ca2+-ATPase

SDH sorbitol dehydrogenase

SDI sorbitol dehydrogenase inhibitor

SH sham-operated

TP time-to-peak of E[Ca2+]i

T50 time to reduce 50% of E[Ca2+]i
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Figure 1.
A. Changes in levels of sorbitol in the isolated hearts challenged with 30 minutes of
ischemia (Ischemia) and followed by 45 minutes of reperfusion (IR). Within each group
some were injected with saline (Saline), some treated with ARI (ARI) and some treated with
SDI (SDI). Data are means ± SE (n=5). ***p<0.001 & **p<0.01, compared with SDH-
inhibited IR group. B. Changes in levels of fructose the isolated hearts challenged with 30
minutes of ischemia (Ischemia) and followed by 45 minutes of reperfusion (IR). Within each
group, some were injected with saline (saline), some treated with ARI (ARI) and some
treated with SDI (SDI). Data are means ± SE (n=4). ***p<0.001 & **p<0.01, compared
with control group after reperfusion.
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Figure 2.
Effect of ischemic insults on (A) LVSP, (B) LVEDP, (C & D) ±dP/dtmax and (E) LVDP in
control (vehicle group), ARI-treated and SDI-treated hearts from rats. All these parameters
were obtained from isolated perfused hearts in preischemic conditions (stabilization), during
ischemia and then during reperfusion. Data are means ± SE (n=5). ***p<0.001, **p<0.01 &
*p<0.05, compared with corresponding ARI group; ###p<0.001, ##p<0.01 & #p<0.05,
compared with corresponding SDI group. (F) LDH release from SH (sham-operated),
vehicle, ARI-treated and SDI-treated hearts from rats during post-ischemic reperfusion (IR).
Data are means ± SE (n=4). ###p<0.001, ##p<0.01, compared with SH group; *p<0.05,
compared with vehicle group with I/R.
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Figure 3.
A. Effect of ischemic insults on GSH level in sham-operated (SH), ARI-treated and SDI-
treated hearts isolated from rats. GSH level was measured in the heart homogenates after I/
R. Data are means ± SE (n=8). **p<0.01 & *p<0.05, compared with I/R group. B. Effect of
ischemic insults on superoxide level in SH, ARI-treated and SDI-treated hearts isolated from
rats. Superoxide level was measured by lucigenin-elicited chemiluminescence after I/R.
Data are means ± SE (n=6). ***p<0.001, **p<0.01 & *p<0.05, compared with normal
group; $$$p<0.001, $$p<0.01 & $p<0.05, compared with I/R+Tiron
group; ###p<0.001, ##p<0.01 & #p<0.05, compared with I/R group.
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Figure 4.
Effect of ischemic insult on nitrotyrosine level in left ventricles from normal, ARI-treated
and SDI-treated rat hearts. Representative staining with sham operation was taken from (A)
normal, (B) ARI-treated and (C) SDI-treated group at 40X magnification; Representative
staining challenged by I/R was taken from (D) normal, (E) ARI-treated & (F) SDI-treated
groups (n=6).
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Figure 5.
Changes in the (A) peak amplitude, (B) basal cytosolic Ca2+ level, (C) time-to-peak and (D)
decay time of E[Ca2+]i transients of normal, ARI-treated and SDI-treated cardiomyocytes
subjected to I/R. Data are means ± SE (n=6 cells from 5 rats in each group). ***p<0.001,
**p<0.01 & *p<0.05, compared with corresponding normal group. (E) The representative
tracings of electrically stimulated intracellular [Ca2+] transients of normal, ARI-treated &
SDI-treated cardiomyocytes subjected to I/R.
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Figure 6.
Activities of cardiac RyR and SERCA in the normal, ARI-treated and SDI-treated groups
subjected to ischemia (A & B) and reperfusion (C & D). Data are means ± SE (n=5).
***p<0.001, **p<0.01 & *p<0.05, compared with corresponding I/R group.
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Figure 7.
A. Effect of ischemic insult on the level of tyrosine nitration on SERCA2 in sham-operated
(SH), ARI & SDI-treated hearts isolated from rats. For detection of nitrotyrosine in
SERCA2 protein, (A, upper) an immunoprecipitate (IP) was obtained using anti-SERCA2
antibody and then immunoblotted with anti-SERCA2 antibody. (A, lower) An IP was
obtained using anti-SERCA2 antibody and then immunoblotted with anti-nitrotyrosine
antibody. B. Quantitative analysis of nitrotyrosine by scanning densitometry. Data are
means ± SE (n=3). ***p <0.001 & **p<0.01, compared with I/R group; #p<0.01, compared
with SDI group. C. Effect of ischemic insult on the level of glutathiolation on SERCA2 in
sham-operated (SH), ARI & SDI-treated hearts isolated from rats. (C, lower) An IP was
obtained using anti-SERCA2 antibody and then immunoblotted with anti-GSH antibody. D.
Quantitative analysis of GSH by scanning densitometry. Data are means ± SE (n=3).
**p<0.01 & *p<0.05, compared with I/R group; #p<0.01, compared with SH group.
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Figure 8.
Immunohistochemical staining with anti-SERCA C674-SO3H of left ventricles from post-
ischemic reperfused rat hearts. Representative staining was taken from (A) normal, (B) I/R,
(C) I/R+ARI, (D) I/R+SDI group and (E) non-specific IgG control.
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Figure 9.
A. Effect of ischemic insult on the level of glutathiolation on RyR in sham-operated (SH),
ARI & SDI-treated hearts isolated from rats. For detection of GSH in RyR protein, (A,
upper) an immunoprecipitate (IP) was obtained using anti-RyR antibody and then
immunoblotted with anti-RyR antibody. (A, lower) An IP was obtained using anti-RyR
antibody and then immunoblotted with anti-GSH antibody. B. Quantitative analysis of GSH
by scanning densitometry. Data are means ± SE (n=3). **p<0.01 & *p<0.05, compared with
I/R group; #p<0.01, compared with SDI group.
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