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Sulindac confers high level ischemic protection to the
heart through late preconditioning mechanisms
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We have recently shown that sulindac, an anti-inflammatory drug,
enhances the killing of cancer cells, but not normal cells, under
conditions of oxidative stress, by mechanisms unrelated to its
cyclooxygenase (COX) inhibition. To further study the protective
effect of sulindac on cells exposed to oxidative stress, we have
investigated the effect of sulindac on rat cardiac myocytes sub-
jected to hypoxia/reoxygenation, as well as in a Langendorff
model of myocardial ischemia. Low levels of sulindac could protect
cardiac myocytes against cell death due to hypoxia/reoxygenation.
In the Langendorff model sulindac provided significant protection
against cell death, when the drug was fed to the animals before the
removal of the heart for the Langendorff procedure. The results
indicate that the primary protective effect of sulindac in these
experiments does not involve its role as a COX inhibitor. Numerous
signaling pathways have been implicated in myocardial protective
mechanisms, many of which involve fluctuations in reactive oxy-
gen species (ROS) levels. The results suggest that low levels of
sulindac can induce a preconditioning response, triggered by ROS,
to protect cardiac tissues against oxidative damage. Blocking of
preconditioning pathways by administration of the PKC blocker
chelerythrine abrogated the ischemic protection afforded by su-
lindac. Secondly, after feeding of sulindac, two end-effectors of
preconditioning, inducible nitric oxide synthase and heat shock
protein 27, were found to be markedly induced in the heart,
dependent on PKC. These results suggest that sulindac may have
therapeutic potential as a preconditioning agent.

cardioprotection | myocardial ischemia

S ulindac is a nonsteroidal anti-inflammatory drug that is
capable of inhibiting cyclo-oxygenases (COX) 1 and 2 (1). In
addition to its known anti-inflammatory activity there have been
numerous studies in recent years on the ability of sulindac and
its metabolites to act as potential anti-cancer agents, based on
their ability to slow the progression of colorectal polyps to colon
cancer, as well as their ability to kill colon and other cancer cells
(2,3). We have recently shown that cancer and normal cells react
differently to oxidative stress after exposure to sulindac. Sulin-
dac can enhance the killing of cancer cells when exposed to an
oxidizing agent, under conditions in which normal cells are
either not affected, or show protection (4, 5).

Our interest in sulindac initially stemmed from the fact that
the S epimer of sulindac is a substrate for methionine sulfoxide
reductase A (MsrA) (6), which reduces the S epimer of sulindac
to sulindac sulfide, the active COX inhibitor (see Fig. S1 for
sulindac structure). The Msr system has been shown to be an
important cellular protective system against oxidative stress, and
may play arole in aging (7-9). The goal of the present studies was
to look more closely at the ability of sulindac to protect normal
cells against oxidative stress, and to determine whether the Msr
system may be involved.

A well studied physiological system is the oxidative damage
that occurs to cardiac tissue under conditions of hypoxia and
reperfusion. One important physiological mechanism to protect
cardiac and other cells against a variety of stresses, including
oxidative stress, is preconditioning (10-12). Cells can be pre-
conditioned by exposure to a nonlethal stress, such as limited
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ischemia, ROS, slightly elevated heat or even exercise (10).
There are also pharmacological agents that can precondition
cells including cytokines, nitric oxide donors, and opioid recep-
tor agonists (13). The mechanism of preconditioning is complex
but appears to involve signaling pathways in which specific
isoforms of protein kinase ¢ (PKC) (14, 15), MAP kinases and
other kinases are activated leading to the activation of transcrip-
tion factors such as NFkB and AP-1 (16). The later phase of this
process eventually leads to the production of a series of protec-
tive proteins including inducible nitric oxide synthase (iNOS),
MnSOD, HSPs, and activation of ion channels (10). Compounds
that could precondition cells to oxidative stress might have
important therapeutic value, since oxidative damage appears to
play a major role in age related diseases.

In the present study, we have examined the protective effect
of sulindac elicited by hypoxia/reoxygenation in both rat cardiac
myocytes in culture and in a Langendorff model of myocardial
ischemia, and provide evidence that sulindac can function as a
preconditioning agent.

Results

Sulindac Protects Cardiac Myocytes Against Oxidative Damage. The
initial experiments were designed to determine whether sulindac
could protect primary neonatal cardiac myocytes in culture
against oxidative damage. As described in Materials and Methods
and Fig. 1, the cardiac myocytes were exposed to hypoxia and
reoxygenation to promote oxidative damage in the presence or
absence of sulindac. Cell viability was then assayed by LDH
release. As shown in Fig. 1, sulindac protection is dose depen-
dent in myocytes exposed to hypoxia/reoxygenation. Sulindac
can significantly reduce the level of LDH released following
hypoxia/reoxygenation at concentrations as low as 20 uM. As
compared to controls, sulindac at 100 uM reduced LDH release,
and presumably cell death, by approximately 4-fold. Higher
levels of sulindac did not produce a greater effect. Tunel assays
(see Materials and Methods) showed that the cell death was due
primarily to apoptosis. After hypoxia/reoxygenation, close to
40% of the control cells were tunel positive whereas <5% of the
sulindac treated cells were tunel positive. Based on the cell
culture results with cardiac myocytes, studies were initiated to
test the effect of sulindac in the intact heart using the Langen-
dorff model.

Animals Fed Sulindac Are Protected Against Myocardial Damage Due
to Ischemia and Reperfusion in the Langendorff Model. The ex vivo
Langendorff procedure is a well established preparation used to
investigate heart physiology, ischemia/reperfusion injury, and other
cardiovascular insults. Animals were fed diets containing either no
drug, sulindac, or ibuprofen at 0.2 mg/day for 48 h. The hearts were
removed and exposed to 45 min no flow ischemia and 2 h
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Fig. 1. Effect of sulindac in protecting cardiac myocytes. Lactate dehydro-
genase (LDH) levels were measured in the media as an index of cell death and
analyzed against untreated myocytes. Levels of LDH release are shown as
absorbance units. (¥, P<0.05vs.nodrug; n = 6, **, P<0.01vs.nodrug; n = 6).

reperfusion in the Langendorff model, in the absence of drug. As
shown in Fig. 2, after 48 h, the levels of LDH released are
significantly lower after a 45 min period of no flow ischemia in the
hearts from sulindac-fed rats compared to the hearts from animals
receiving the no drug diet (Fig. 2, lanes 1 and 2). As also shown in
Fig. 2, lane 3, Ibuprofen-fed rats showed some protection after the
45 min ischemic period, although the LDH level was significantly
higher than seen with sulindac (compare Fig. 2, lanes 2 and 3).
These results suggested that COX inhibition may afford some
protection during the ischemic period, which has been noted
previously (17). However, during the 2 h reperfusion sulindac
markedly protected the heart against oxidative damage as seen by
the decrease in LDH levels compared to the no drug control
(compare Fig. 2, lanes 4 and 5), whereas ibuprofen showed no
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Fig. 2. Effect of feeding sulindac and ibuprofen before performing the
Langendorff procedure. Animals were fed either no drug, sulindac, or ibu-
profen at 0.2 mg/day for 48 h before isolation of the heart for analysis on the
Langendorff apparatus. Total LDH levels are shown after 45 min ischemia and
2 h of reperfusion. Animals were fed for 48 h with no drug (lanes 1,4), sulindac
0.2 mg/day (lanes 2,5), or ibuprofen 0.2 mg/day (lanes 3,6) after which each
heart was isolated for analysis on the Langendorff apparatus. (*, P < 0.01
compared to nodrug control; n =5, **, P< 0.01 compared to sulindac treated
hearts; n = 5).
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Fig.3. PKCinhibition reversesthe effect of sulindacin the Langendorff heart
model. Total LDH levels are shown after 45 min ischemia and 2 h of reperfu-
sion. Animals were fed no drug (lanes 1,4), sulindac 0.2 mg/day for 48 h (lanes
2,5), or injected with chelerythrine (PKCI) 5 mg/kg (I.P., lanes 3,6) just before
feeding with sulindac, after which the heart was isolated for analysis on the
Langendorff apparatus. (*, P < 0.01 compared to no drug control; n = 5, **,
P < 0.01 compared to sulindac treated hearts; n = 5).

protection at all (Fig. 2, lane 6). Infarct size as measured by TTC
staining method on the hearts from ibuprofen-fed rats was 66.5%,
which is similar to no drug controls (65.28%), whereas the infarct
size for the hearts from sulindac-fed animals was 36%.

Sulindac sulfone, the oxidized metabolite of sulindac, which is
not a COX inhibitor or a substrate for the Msr enzymes, also gave
significant protection in the Langendorff model under the
conditions used. Specifically, for the animals fed sulindac sul-
fone, at the end of 45 min of ischemia total LDH levels were
decreased by about 50% and by greater than 55% during the 2 h
reperfusion period relative to no drug controls. These LDH
values were close to what was observed with sulindac (Fig. S2).

The above results with ibuprofen and sulindac sulfone suggest
that although some of the protective effect of sulindac during
ischemia may be due to its COX inhibition, the major protective
effect, especially during reperfusion, is not due to COX inhibi-
tion or to its ability to be a substrate for MsrA.

Evidence That Sulindac Protection Against Ischemic Heart Damage
Occurs Through Chemical Preconditioning: Role of PKC. One of the
possibilities to explain the protective effect of sulindac in the
Langendorff model was that it might be acting as a precondi-
tioning agent. Since PKC is a known mediator of precondition-
ing, the effect of inhibiting PKC was determined, as well as the
levels of two preconditioning end effectors, iNOS and Hsp27.

Asseen in Fig. 3, lanes 1-3, blocking of PKC activation by daily
administration of chelerythrine, a nonselective PKC blocker
(lane 3), partly reversed the protection by sulindac during
ischemia, as measured by levels of LDH (compare lane 3 to lane
2). It can be seen that chelerythrine treatment along with
sulindac resulted in 30% greater cell death after 45 min ischemia
than seen with hearts from animals fed sulindac alone. Lanes
4-6 (Fig. 3) show the results after 2 h of reperfusion. These
results were more striking since LDH levels released from the
hearts of animals that received sulindac plus chelerythrine (lane
6) were close to the values seen in animals that received no drug
(lane 4) and approximately four times that seen in animals that
received sulindac alone (lane 5). Animals that received only
chelerythrine gave results similar to those seen in animals
receiving no drug. It should be noted that PKC epsilon is
believed to be the PKC isoform that is activated in precondi-
tioning (10). However, the inhibitor used in these studies is
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Fig.4. Infarctsize of hearts as measured by TTCstaining. (A) Hearts from rats
fed no drug, sulindac, or sulindac plus chelerythrine and exposed to ischemia
and reperfusion were stained with 1% TTC, then cut transversely into 2-mm
sections (see Materials and Methods). Percent infarction was determined
using NIH image J analysis software. Graph represents percent of heart that
was infarcted. (*, P < 0.01 compared to no drug control; n = 4, **, P < 0.01
compared to sulindac treated hearts; n = 4). (B) Representative sections from
langendorff hearts following 45 min ischemia and 2 h reperfusion showing
infarcted tissue (white) and viable tissue (red).

known to inhibit all of the PKC isoforms, so we cannot be sure
that the effect seen is specifically due to inhibition of PKC
epsilon.

To verify the LDH results the percent of viable and infarcted
heart tissue after ischemia/reperfusion was determined using the
stain TTC (see Materials and Methods). Fig. 44 shows rats fed
sulindac had an average infarction size of 36% whereas, hearts
treated with sulindac and chelerythrine had 61.8% infarction,
which was similar to control hearts. Representative images of
TTC stained hearts show viable (red) vs. infarct (white) in hearts
from rats fed no drug, sulindac, and sulindac + chelerythrine
(Fig. 4B). It is clear that the hearts from the sulindac-fed animal
had significantly more viable cardiac tissue.

Sulindac Induces iNOS and Hsp27 Dependent on PKC and the Role of
ROS in Sulindac Preconditioning. iNOS and Hsp27 are central
participants in late phase preconditioning in heart (18). To
investigate the possible role of iNOS and Hsp27 in sulindac
protection, levels of these proteins expressed in rat myocardium
were measured by Western blot in hearts from rats that had been
fed 0.2 mg/day sulindac for 48 h (see Materials and Methods). As
shown in Fig. 54 (top panel), there was a substantial and
significant increase in both iNOS and Hsp27 production follow-
ing sulindac treatment. It has also been shown that induction of
protein in late ischemic preconditioning is dependent upon PKC
epsilon activation (19). As also shown in Fig. 54, the induction
of both iNOS and Hsp27 was reversed when chelerythrine was
given. Quantitation of the Western blot by densitometric scan-
ning showed about a 3- to 4-fold increase in iNOS and 6-fold
increase in Hsp27 expression after sulindac feeding (Fig. 5 B and
C). As also shown in Fig. 5 B and C, when animals were injected
with chelerythrine the sulindac induced increase in both iNOS
and Hsp27 expression was reversed and these proteins remained
at “no drug” control levels. These results indicate a likely role of
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Fig.5. Sulindacinduces expression of iINOS and Hsp27 in the rat myocardium
dependent on PKC and ROS. (A) Rats were fed either no drug (control),
sulindac 0.2 mg/day for 48 h, or injected (i.p.) with protein kinase C inhibitor
chelerythrine (PKCI) 5 mg/kg plus sulindac 0.2 mg per day for 48 h. Results from
two typical experiments in which iINOS and Hsp27 expression levels were
determined by Western blot analysis as described in Materials and Methods.
(B) Average results (n = 5) of iNOS densitometric scanning (¥, P < 0.01
compared to no drug control; **, P < 0.01 compared to sulindac treated
hearts). (C) Average results (n = 5) of Hsp27 densitometric scanning are
presented (*, P < 0.01 compared to no drug control; **, P<0.01 compared to
sulindac treated hearts). (D) Effect of 2-MPG on iNOS levels in heart. Rats were
fed either no drug (control); sulindac 0.2 mg/day for 48 h; 2-MPG alone (20
mg/kg, five injections per/day); sulindac 0.2 mg/day for 48 h and also injected
(i.p.) with 2-MPG (20 mg/kg, five injections per/day).

both iNOS and Hsp27 in sulindac mediated ischemic protection.
To determine whether iNOS was involved in the sulindac
protective effect, animals were injected with the compound
1400W, a specific inhibitor of iNOS. These animals showed
essentially no protection with sulindac after ischemia, and after
reperfusion this drug resulted in a marked increase in cell death
in the presence of sulindac. These results indicate a role of iNOS
in the sulindac effect. We have also examined the effect of
sulindac on other known end effectors of preconditioning in-
cluding MnSOD and AKT. Modest increases of less than 2-fold
were observed.

Sulindac has recently been shown to increase ROS in cancer
cells (4, 5). Since ROS is a known preconditioning trigger, the
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effect of scavenging ROS by using N-2-mercaptopropionyl gly-
cine (2-MPG) (see Materials and Methods) was determined on
the induction of iNOS. A typical experiment showing the effect
of 2-MPG on the induction of iNOS by sulindac is shown in Fig.
5D. Levels of iNOS were decreased to control levels in rats fed
sulindac that had been injected with the antioxidant 2-MPG.
2-MPG alone had no effect on iNOS levels (Fig. 5D). These
results suggest that sulindac triggers preconditioning through the
production of sublethal levels of ROS in the myocardium.

Discussion

The studies presented here show that sulindac can protect both
rat cardiac myocytes in culture and intact hearts (Langendorff
model) against oxidative damage resulting from ischemia/
reperfusion. As shown above, feeding of sulindac to rats in vivo
followed by removal of the heart, wash-out of the drug and
subsequent ischemia and reperfusion resulted in substantial
protection against ischemia induced cell death relative to un-
treated hearts.

The initial hypothesis that led to our testing sulindac was based
on the fact that the S epimer of sulindac is a substrate for MsrA
(6), an enzyme that has been shown to protect cells against
oxidative damage. However, there is no evidence to suggest that
the protective effect of sulindac in our experiments is in any way
related to the Msr enzyme system, especially since sulindac
sulfone, which is not a substrate for MsrA, afforded cardiac
protection. The major protective effect, especially during reper-
fusion, does not appear to be due to the well established role of
sulindac as a COX inhibitor. Although another NSAID, ibupro-
fen, when fed for 2 days did show a weak protective effect during
the ischemic period, it had no protective effect during reperfu-
sion, and TTC staining of the heart after ischemia and reper-
fusion showed as much death in the heart from the ibuprofen-fed
animals, as the untreated hearts. In addition, it should be noted
that sulindac sulfone is not a COX inhibitor and it provided
significant protection in these experiments, as described above.
Although we cannot eliminate that some of the sulindac effect
during ischemia is due to its COX inhibition, it seems clear that
sulindac is protecting the heart in these experiments primarily by
another mechanism.

Numerous signaling pathways have been implicated in pro-
tective mechanisms, many of which require fluctuations in ROS
levels as initiators or mediators. One obvious possibility that was
considered is that sulindac induces tissue preconditioning
against oxidative damage. The phenomenon of ischemic pre-
conditioning has been described, whereby a short mild ischemic
episode was found to protect against a later more severe ischemic
event (10, 20). The protective effects we have observed in heart
against tissue ischemia following preexposure to sulindac, along
with the biochemical data presented on the role of PKC and the
expression of iNOS and Hsp27, are consistent with the conclu-
sion that this drug can function as a pharmacological precon-
ditioning agent. Protein kinase C-epsilon is known to be an
important mediator of late ischemic preconditioning in heart
(21) and administration of the PKC blocker chelerythrine ab-
rogated the ischemic protection afforded by sulindac. Secondly,
as noted above, two end-effectors of preconditioning, iNOS and
Hsp27, were induced at the protein level by greater than 3- and
6-fold, respectively, after 48 h feeding with sulindac. Further-
more, administration of chelerythrine inhibited iNOS and Hsp27
induction in rats that were fed sulindac.

iNOS is known to be a major contributor to late myocardial
ischemic preconditioning. In a mouse model the targeted dele-
tion of the iNOS gene has been shown to prevent the precon-
ditioning induced by a range of stimuli including ischemia,
adenosine agonists, and exercise (22). The induction of iNOS by
sulindac, concurrently with cardio-protection, is consistent with
the reported central role of NO in late preconditioning, which
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may result in cardio-protection through one of several mecha-
nisms. It was previously demonstrated that NO can nitrosylate
caspases causing inhibition of apoptosis. Other mechanisms for
NO induced cardio-protection include opening of K(ATP) chan-
nels and increasing expression of antioxidant proteins (23). At
different stages in preconditioning NO may be generated by
either eNOS in day 1 or by iNOS on day 2 (18). There is, however,
substantial evidence that iNOS specifically plays an obligatory
role in NO generation in late preconditioning by acting as a
mediator or effector of preconditioning (10, 24). We have also
demonstrated a substantial induction of myocardial Hsp27 after
feeding with sulindac and, as shown, this increase was also
prevented by administration of chelerythrine. Several studies
have demonstrated a cardio-protective function for Hsp27,
either through its exogenous overexpression from a transgene, or
through its activation in preconditioning (25-27). In addition,
this chaperone is known to contribute to preconditioning in-
duced by a range of stimuli including opioids, isoproterinol, and
ischemia (28-30). The protective effect of Hsp27 may include an
anti-apoptotic role, which has been implicated in studies report-
ing an interaction of Hsp27 with cytochrome ¢ and inhibition of
apoptosome function (31).

In recent studies it was shown that the enhanced killing of
cancer cells by sulindac and oxidative stress was associated with
increased production of ROS (4, 5). Since ROS has been shown
to be a trigger of late phase preconditioning (32) it seemed
plausible that the protection afforded by sulindac is through its
ability to increase the levels of ROS in the cardiac cells. As shown
in Fig. 5D, the induction of, iNOS, was completely abolished in
hearts from animals treated with the antioxidant 2-MPG, these
results indicate that sulindac can increase the production of ROS
which then triggers the preconditioning response. Our data
indicate that elevated ROS underlies the late preconditioning
effect of sulindac and that downstream PKC activation is also
necessary for the molecular changes and protective responses.
There is an extensive body of work implicating ROS dependent
mechanisms in the triggering of delayed preconditioning by
ischemia, exercise or other preconditioning stimuli (33-37).
Following the trigger the next step in late preconditioning
requires signaling through pathways that involve key protective
kinases including PKC epsilon and PKC epsilon/Src containing
modules (38, 33). The ability of sulindac to induce precondi-
tioning markers dependent on both PKC activity and ROS is
strong evidence that sulindac is functioning as a chemical
preconditioning agent.

Sulindac is now known to have a variety of activities. It has
been shown to induce the expression of several P450 enzymes
(39) and ubiquinone oxido/reductase, a marker for the Phase 2
system (40). Thus, the activity of sulindac as a chemoprotectant
could involve a combination of activities, including anti-
inflammatory, cell preconditioning, and induction of Phase 1
and Phase 2 enzymes. Interestingly, one other compound, res-
veratrol, a polyphenol phytoalexin, is also protective against
ischemia-reperfusion in kidney, heart, and brain (41).

There are other isolated studies suggesting that sulindac can
protect cells against free radical or ROS damage. Sulindac,
administered topically or in the drinking water, protected the
skin of SKH-1 hairless mice in response to UV light (42).
Sulindac has also been reported to decrease age related defects
in learning and memory in rats (43) and was found to prevent the
depletion of GSH in the hippocampus under conditions of
quinolinic acid induced oxidative stress (44).

The protective cardiac effect we are seeing with sulindac in
these experiments is contrary to studies that have shown that
most, if not all, NSAIDS cause increased risk of heart attacks in
humans (45). It should be noted that in the rat feeding experi-
ments described in this study the daily dose of sulindac (0.2
mg/day) was only 10-15%, on a weight basis, of that taken by
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humans as an anti-inflammatory agent. A significant protective
effect was also seen at 0.1 mg/day of sulindac. It may be that the
protective effect of sulindac can be achieved at concentrations of
the drug below that required for COX inhibition, which should
decrease the risk of cardiac damage.

In conclusion sulindac, at low doses, may have excellent potential
as a protective agent for the heart against elevated reactive oxygen
species associated with ischemia and reperfusion.

Materials and Methods

Cell Culture Studies Using Cardiac Myocytes. Unless otherwise stated all
chemicals were obtained from Sigma-Aldrich. Neonatal rat cardiac myocytes
were cultured as previously described (46). The cells were treated with no drug
or a range of doses of sulindac and exposed to 24 h hypoxia and 20 h of
reoxygenation. LDH was measured using the Cytotox-96 nonradioactive cy-
totoxicity assay kit (Promega) and the absorbance was read at 490 nm.

In Vivo Feeding of Sulindac Before Performing the Langendorff Procedure.
Spraque Dawley rats (275-325g) were fed 6 g of standard rat food supple-
mented with sulindac, ibuprofen, or sulindac sulfone at doses of 0.2 mg/day
for 48 h before Langendorff or myocardial isolation. Langendorff heart
preparation has been described elsewhere (47, 48). Forty-eight hours after the
start of drug exposure hearts were excised and analyzed in a Langendorff
preparation without further drug exposure. Hearts were equilibrated in KHB
buffer for 10 min and then subjected to 45 min ischemia followed by 2 h
reperfusion with KHB buffer. The assay for LDH in the samples was carried out
as described above.

Blocking of PKC Pathways and Role of Reactive Oxygen Species. Late phase
preconditioning pathways were investigated by introducing the protein ki-
nase C inhibitor Chelerythrine (49) via IP injection at 5 mg/kg body weight.
Sulindac was then given to the rats using the in vivo drug exposure protocol
(see above). On day 2 rats were fed a second dose of sulindac. Forty-eight
hours after the start of sulindac exposure hearts were excised and analyzed in
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