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Background—Although the late phase of ischemic preconditioning (PC) is known to confer cardioprotection in healthy
animal models, it is unknown whether this phenomenon exists in the presence of hypercholesterolemia. The goal of this
study was to determine whether the infarct-sparing effect of late PC is affected by hypercholesterolemia and, if so,
whether a tetrahydrobiopterin (BH4)-dependent mechanism is responsible for the loss of late PC.

Methods and Results—Conscious rabbits fed a normal diet or a 1% cholesterol diet for 6 weeks were subjected to ischemic
PC (six 4-minute coronary occlusion/4-minute reperfusion cycles) and, 24 hours later, underwent a 30-minute occlusion
followed by 3 days of reperfusion. A total of 125 rabbits were used. In normocholesterolemic rabbits, ischemic PC
reduced infarct size, an effect that was abrogated by administration of the BH4 synthesis inhibitor N-acetylserotonin (15
mg/kg IV) before the 30-minute occlusion. In hypercholesterolemic rabbits, however, ischemic PC failed to reduce
infarct size. Myocardial BH4 levels in the ischemic zone increased 24 hours after ischemic PC in normocholesterolemic
rabbits but not in hypercholesterolemic rabbits. In addition, in normocholesterolemic rabbits, pretreatment with
N-acetylserotonin completely abolished the ischemic PC-induced increase in myocardial BH4 levels.

Conclusions—This study demonstrates that (1) hypercholesterolemia abrogates both the infarct-sparing effect of late PC
and the concomitant upregulation of myocardial BH4, and (2) inhibition of myocardial BH4 synthesis in the absence of
hypercholesterolemia is sufficient to abolish the infarct-sparing effect of late PC. The results support the concept that
hypercholesterolemia abrogates late PC by preventing the upregulation of BH4, an essential cofactor for inducible nitric
oxide synthase. (Circulation. 2005;112:2149-2156.)
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The late phase of ischemic preconditioning (PC) is the
phenomenon whereby brief episodes of ischemia para-

doxically increase the tolerance of the heart to subsequent
ischemia/reperfusion injury 24 to 72 hours later.1 The presence
of this phenomenon has been well documented in a variety of
healthy animal models.2–5 However, because hypercholesterol-
emia is one of the most prevalent risk factors for coronary artery
disease and may interfere with the biochemical pathways that
underlie the PC response,6–8 it is translationally important to
determine whether late PC exists in animals with this disorder.
To date, the effect of hypercholesterolemia on late PC remains
largely unknown. We have recently shown that hypercholester-
olemia blunts the antiinfarct effects of nitric oxide (NO) donor–
induced late PC in conscious rabbits9; however, no study has
examined whether hypercholesterolemia interferes with ische-
mia-induced late PC as well. Because the mechanism of late PC
differs depending on the stimulus,1 data obtained in the setting of

NO donor–induced late PC may not necessarily apply to
ischemic PC.

Because late PC is mediated by the inducible isoform of NO
synthase (iNOS)3 and because iNOS-dependent NO generation
is critically dependent on the availability of tetrahydrobiopterin
(BH4), an essential cofactor for iNOS10 that has been found to be
deficient in the presence of hypercholesterolemia,11 we hypoth-
esized that hypercholesterolemia may abrogate the late phase of
ischemic PC by interfering with BH4 synthesis. Accordingly, the
aim of the present study was to determine whether the infarct-
sparing effect of late PC is absent in hypercholesterolemic
rabbits and, if so, whether the loss of the late PC protection is
related to the effect of hypercholesterolemia on myocardial BH4

upregulation.

Methods
The conscious rabbit model of myocardial ischemia has been
described in detail previously.2 Briefly, New Zealand White male
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rabbits (weight approximately 2.0 to 2.5 kg; age 3 to 4 months) were
instrumented under sterile conditions with a balloon occluder around
a major branch of the left coronary artery and with bipolar ECG
leads. The experiments consisted of 2 consecutive studies (studies I
and II; Figure 1).

Study I: Effect of Hypercholesterolemia on Late
PC and Myocardial BH4
Starting on day 3 after surgery, chronically instrumented rabbits
were assigned to 2 groups: an age-matched normocholesterolemic
group (30 rabbits), which was fed a standard rabbit chow, and a
hypercholesterolemic group (30 rabbits), which was fed a diet
enriched with 1% cholesterol (Purina Test Diets, Richmond, Ind) for
6 weeks. All rabbits were restricted to 100 g of chow per day and had
free access to drinking water. After the animals were euthanized, a
segment of descending thoracic aorta was stained with oil red O
stain12 to verify the absence of atherosclerotic lesions.

At the end of the 6-week feeding protocol, rabbits were assigned
to 6 groups (Figure 1). Groups I through IV (n�12/group) were
subjected to a 30-minute coronary artery occlusion followed by 3
days of reperfusion. Groups I (normocholesterolemic control group)
and III (hypercholesterolemic control group) underwent the 30-
minute occlusion with no PC, whereas groups II (normocholesterol-
emic PC group) and IV (hypercholesterolemic PC group) were
preconditioned with a sequence of six 4-minute coronary occlusion/
4-minute reperfusion cycles 24 hours before the 30-minute coronary

occlusion (Figure 1). Groups VI and VII (normocholesterolemic and
hypercholesterolemic, respectively; n�6/group) were studied to
determine myocardial BH4 levels 24 hours after PC (Figure 1). An
additional group of 3 uninstrumented rabbits (group V) was studied
to determine BH4 levels in naïve myocardium. Tissue samples were
harvested from the ischemic/reperfused (anterior wall) and nonische-
mic zone (posterior wall) of the left ventricle, frozen in liquid
nitrogen, and stored at �80°C until use. All coronary occlusion/
reperfusion studies were performed with rabbits in the conscious
state.

Study II: Role of BH4 in Late PC
Rabbits were allowed to recover for a minimum of 10 days after
surgery and were assigned to 8 groups (Figure 1). To determine
whether BH4 is necessary for late PC, 5 groups of rabbits (VIII
through XII; n�10/group) underwent a 30-minute coronary artery
occlusion followed by 3 days of reperfusion without (groups VIII
and XI) or with (groups IX, X, and XII) an ischemic PC protocol 24
hours earlier (Figure 1). Rabbits received an intravenous bolus of
vehicle (groups VIII [control group] and IX [PC�vehicle group]) or
the BH4 synthesis inhibitor N-acetylserotonin (NAS; 15 mg/kg over
5 minutes) 30 minutes before the 30-minute coronary occlusion on
day 2 (groups X [PC�NAS group] and XI [NAS group]) or 30
minutes before the ischemic PC protocol on day 1 (group XII [NAS
Pre group]). To determine whether NAS inhibits PC-induced myo-
cardial BH4 synthesis, rabbits were preconditioned, and 24 hours

Figure 1. Experimental protocol.
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later, tissue samples were harvested 30 minutes after administration
of vehicle (group XIII [control group]) or NAS (same dose; group
XIV [NAS group]; Figure 1). To determine whether NAS pretreat-
ment affects PC-induced myocardial BH4 synthesis 24 hours later, an
additional group of rabbits (group XV) received NAS (same dose) 30
minutes before the ischemic PC protocol on day 1, and tissue
samples were harvested 24 hours after PC (Figure 1). NAS (Sigma
Chemical Co) was dissolved in normal saline (total volume in-
fused�15 mL), and the pH was brought up to �7.50 with 0.1 N
NaOH. All solutions were filtered through a 0.2-�m Millipore filter
to ensure sterility.

Postmortem Analysis of Myocardial Infarct Size
At the conclusion of the study, the occluded/reperfused vascular bed and
the infarct were identified by postmortem perfusion of the heart with
triphenyltetrazolium and Phthalo blue dye, as described previously.9
Infarct size was calculated by computerized videoplanimetry.9

Measurement of Myocardial BH4

Myocardial BH4 content was determined by reverse-phase HPLC, as
described previously.13

Statistical Analysis
Data are reported as mean�SEM. Measurements were analyzed with
a 1-way or 2-way repeated-measures ANOVA, as appropriate,
followed by paired or unpaired Student t tests with the Bonferroni
correction. The relationship between infarct size and risk region size
was compared among groups with an ANCOVA that used the size of
the risk region as the covariate.9

Results
Exclusions
A total of 125 conscious rabbits were used. Seventeen of the
60 rabbits used for study I were excluded: 7 (2 each in groups
I, II, and III and 1 in group IV) died of ventricular fibrillation
during the 30-minute coronary occlusion, and 10 (3 in group
III, 2 each in groups I, II, and IV and 1 in group VII) were
excluded because of malfunction of the balloon occluder.
Therefore, 9 rabbits in group IV, 8 each in groups I and II, 7
in group III, all 6 in group VI, and 5 in group VII completed
the experimental protocol.

Eleven of the 65 rabbits used for study II were excluded: 8
(2 each in groups VIII, XI, and XII and 1 each in groups IX
and X) died of ventricular fibrillation during the 30-minute
coronary occlusion, and 3 (1 each in groups IX, X, and XI)
were excluded because of malfunction of the balloon oc-
cluder. Therefore, 8 rabbits in groups VIII, IX, X, and XII, 7
in group XI, and all 5 in groups XIII, XIV, and XV completed
the experimental protocol.

Plasma Cholesterol Levels and Atherosclerotic Lesions
As seen in Figure 2, during the 6-week period, total plasma
cholesterol levels were not changed in age-matched rabbits
(63�11 mg/dL at baseline versus 69�10 mg/dL at week 6)
but were markedly increased in rabbits fed a 1% cholester-
ol-enriched diet (64�4 mg/dL at baseline versus 1359�78
mg/dL on week 6). Despite the marked increase in plasma
cholesterol, postmortem oil red O staining did not reveal any
macroscopic atherosclerotic lesion in the descending thoracic
aorta of any hypercholesterolemic rabbit (data not shown).

Vasodilator Response
In 8 cholesterol diet–fed rabbits, the response of arterial blood
pressure to endothelium-dependent (acetylcholine and brady-
kinin) and endothelium-independent (nitroglycerin) vasodila-
tors was tested at baseline (before the cholesterol diet was
begun) and at the end of the experiments (just before the
animal was euthanized). Arterial pressure was measured as
described previously.2 As shown in Figure 3, the hypotensive
response to acetylcholine and bradykinin was blunted after
the 6-week cholesterol diet, whereas the response to nitro-
glycerin was not, which suggests that NO bioactivity was
impaired.

Study I: Hypercholesterolemia Abrogates Late PC
There were no appreciable differences in heart rate among
groups throughout the experimental protocols (data not shown).

Figure 2. Total plasma cholesterol levels over the course of the
study. Rabbits were fed a 0% cholesterol diet (normal diet) or a
1% cholesterol-enriched diet for 6 weeks. Blood samples were
taken at 0 (baseline), 2, 4, and 6 weeks into the diet feeding.

Figure 3. Change in mean arterial pressure
in response to a bolus intravenous injection
of 0.01, 0.10, or 1.0 �g/kg of bradykinin
(left) and acetylcholine (middle panel), and 1,
10, or 100 �g/kg of nitroglycerin (right
panel) at baseline (before cholesterol diet)
and after 6 weeks of a 1% cholesterol-
enriched diet (just before sacrifice; n�8).
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In addition, there were no significant differences with respect to
the weight of the region at risk (1.16�0.17 g [23.1�2.5% of left
ventricle weight], 1.10�0.11 g [24.0�2.3%], 1.19�0.11 g
[25.1�2.6%], and 1.15�0.07 g [25.1�1.2%], respectively, in
groups I, II, III, and IV). As expected, infarct size was smaller in
group II (normocholesterolemic PC group) than in group I
(normocholesterolemic control group; 29.0�6.1% versus
68.2�5.7% of the region at risk, respectively; P�0.05; Figure
4), which indicates the occurrence of late PC in healthy rabbits.
In group III (hypercholesterolemic control group; 67.0�3.1% of
the region at risk), infarct size was comparable to that in group
I (Figure 4), which indicates that hypercholesterolemia does not
affect ischemia/reperfusion injury in the unstressed state. How-
ever, despite ischemic PC, infarct size in group IV (hypercho-
lesterolemic PC group; 64.6�4.7% of the region at risk) was not
smaller than in group III (Figure 4), which indicates that the PC
protocol failed to induce a protective effect against myocardial
infarction in hypercholesterolemic rabbits.

In all groups, the size of the infarction was positively and
linearly related to the size of the region at risk (r�0.887,
0.640, 0.880, and 0.810 in groups I through IV, respectively;
Data Supplement Figure I; see http://circ.ahajournals.org/cgi/
content/full/CIRCULATIONAHA.105.566190/DC1). Analy-
sis of the regression lines confirmed the conclusions achieved
above on the basis of the average infarct size.

Hypercholesterolemia Prevents Synthesis of BH4

In normocholesterolemic rabbits (group VI), the 6 occlusion/
reperfusion cycles resulted, 24 hours later, in a robust
increase in BH4 content in the ischemic/reperfused myocar-
dium (0.49�0.06 ng/mg) compared with nonischemic myo-
cardium (0.25�0.01 ng/mg; P�0.05) and naïve myocardium
(group V; Figure 5). In contrast, in cholesterol-fed rabbits
(group VII), the same ischemic PC protocol failed to increase
myocardial BH4 levels (0.26�0.02 ng/mg in the ischemic/

reperfused myocardium versus 0.24�0.02 ng/mg in the
nonischemic myocardium; Figure 5). The BH4 content in the
posterior (nonischemic) left ventricular wall of hypercholes-
terolemic rabbits (group VII) was similar to that observed in
the posterior wall of normocholesterolemic preconditioned
rabbits (group VI) and of control rabbits (group V; Figure 5).
Thus, hypercholesterolemia blunted the increase in myocar-
dial BH4 induced by ischemic PC but had no effect on basal
BH4 levels.

Study II: NAS Abrogates the Infarct-Limiting
Effect of Late PC
Heart rate did not differ among groups either during admin-
istration of the BH4 synthesis inhibitor NAS or during the
ischemia/reperfusion protocol (data not shown). There were
no significant differences among groups VIII, IX, X, XI, and
XII with respect to the weight of the region at risk (0.97�0.12
g [19.5�2.0% of left ventricular weight], 0.76�0.07 g
[18.0�1.1%], 0.90�0.13 g [18.6�2.3%], 0.69�0.09 g
[16.1�2.0%], and 0.73�0.07 g [17.3�2.0%, respectively).
The average infarct size was smaller in group IX
(PC�vehicle group) than in group VIII (control group;
23.5�3.0% versus 60.9�4.1% of the region at risk, respec-
tively; P�0.05; Figure 6), which indicates that administration
of vehicle did not interfere with late PC. In contrast, in rabbits
preconditioned on day 1 and treated with NAS before the
30-minute occlusion on day 2 (group X), infarct size
(51.9�2.3%) was significantly greater than in group IX
(P�0.05) and was similar to that measured in group VIII,
which indicates that NAS abrogated late PC. In group XI
(NAS group), infarct size (48.6�2.22%) did not differ from
that in group VIII (Figure 6), which indicates that NAS did
not affect the extent of cell death in nonpreconditioned
myocardium. Thus, the abrogation of the infarct-sparing
effect of late PC observed in group X cannot be ascribed to
deleterious actions of NAS on infarct size independent of PC.

Figure 4. Myocardial infarct size after 30-minute coronary
occlusion followed by 3 days of reperfusion in groups I (normo-
cholesterolemic control group), II (normocholesterolemic PC
group), III (hypercholesterolemic control group), and IV (hyper-
cholesterolemic PC group). Groups I and III received no PC,
whereas groups II and IV were preconditioned with a sequence
of six 4-minute occlusion/reperfusion cycles 24 hours before the
30-minute occlusion. Infarct size is expressed as a percentage
of the region at risk of infarction. Open circles indicate individual
rabbits; solid circles, mean�SEM; NC, normocholesterolemia;
and HC, hypercholesterolemia.

Figure 5. BH4 levels in the anterior wall or ischemic/reperfused
zone (solid bar) and in the posterior wall or nonischemic zone
(hatched bar) of control (group V), age-matched normocholes-
terolemic (group VI [NC-PC]), or hypercholesterolemic (group VII
[HC-PC]) rabbits. Both normocholesterolemic and hypercholes-
terolemic rabbits were preconditioned with a sequence of six
4-minute coronary occlusion/reperfusion cycles 24 hours earlier.
NC indicates normocholesterolemia; HC, hypercholesterolemia.
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In rabbits given NAS before ischemic PC on day 1 (group
XII), infarct size (25.4�4.3%) did not differ significantly
from that in group IX (Figure 6), which indicates that NAS
pretreatment before the PC stimulus on day 1 did not affect
the development of late PC. As in study I, the results obtained
in study II with measurements of average infarct size were
confirmed by analysis of the relation of infarct size to region
at risk (Data Supplement Figure II).

NAS Abolishes the Ischemic PC-Induced Increase
in BH4 Synthesis
As shown in Figure 7, in rabbits preconditioned 24 hours
earlier and given vehicle (group XIII) before euthanasia, the
BH4 content was increased in the ischemic/reperfused myo-
cardium compared with the nonischemic myocardium
(0.45�0.06 versus 0.24�0.03 ng/mg tissue, P�0.05), which
confirms the results obtained in group VI in study I. In rabbits
that received NAS 24 hours after PC (group XIV), the BH4

content was measured 30 minutes after NAS. In the nonis-
chemic zone, BH4 levels (0.19�0.03 ng/mg tissue) were
similar to those observed in group XIII, which indicates that
NAS did not affect basal BH4 content; in contrast, in the
ischemic/reperfused myocardium, the ischemic PC-induced
increase in BH4 content was completely abolished (Figure 7),
which indicates that the dose of NAS was sufficient to block
the increased synthesis of BH4 associated with late PC. In
rabbits that received NAS pretreatment 30 minutes before the
ischemic PC protocol on day 1 (group XV), the BH4 content
measured 24 hours later was similar to that observed in
vehicle-treated rabbits (group XIII; Figure 7), which indicates
that the inhibitory effect of NAS on ischemic PC-induced
BH4 synthesis had disappeared by 24 hours after treatment.

Discussion
Although the late phase of ischemic PC has been well
documented in healthy animals,2–5 to the best of our knowl-

edge, no study has been performed to examine this phenom-
enon in animals with concurrent hypercholesterolemia. The
salient findings of the present investigation, conducted in a
conscious animal model, can be summarized as follows: (1)
brief episodes of ischemia/reperfusion induce delayed protec-
tion against myocardial infarction in normocholesterolemic
rabbits but fail to do so in rabbits fed a 1% cholesterol diet for
6 weeks, which indicates that hypercholesterolemia abrogates
the infarct-sparing effect of late PC; (2) brief episodes of
ischemia/reperfusion result in increased myocardial BH4 con-
tent 24 hours later in healthy rabbits but not in hypercholes-
terolemic rabbits, which indicates that hypercholesterolemia
prevents the upregulation of BH4 induced by ischemic PC;
and (3) in healthy rabbits, the BH4 synthesis inhibitor NAS
abolishes both the ischemic PC-induced increase in myocar-
dial BH4 levels and the infarct-sparing effect of late PC,
which demonstrates that augmented synthesis of BH4 is
required for late PC. These data support the thesis that
hypercholesterolemia interferes with late PC by preventing
upregulation of myocardial BH4 levels.

The importance of determining whether late PC is affected
by hypercholesterolemia stems from the fact that this is one
of the most prevalent risk factors for coronary artery disease.
Given that the present study was performed to simulate the
clinical setting, the use of a chronically instrumented con-
scious animal model was believed to be essential, because
open-chest preparations are associated with a number of
potentially confounding factors that may interfere with myo-
cardial infarction14 and/or ischemic PC.15 Moreover, because
BH4 is auto-oxidized in a radical reaction16 and is oxidized by
NO17 and peroxynitrite,18,19 it seemed important to avoid
experimental conditions, such as surgical trauma, that may
lead to exaggerated generation of free radicals.20 Accord-
ingly, all of the studies reported herein were performed in
closed-chest, awake animals in an effort to test the effect of
hypercholesterolemia on late PC under conditions that were

Figure 7. BH4 levels in the ischemic/reperfused zone (solid bar)
and in the nonischemic zone (hatched bar) of normocholesterol-
emic rabbits that received vehicle (group XIII) or NAS (group
XIV) 30 minutes before being euthanized on day 2 or that
received NAS pretreatment (group XV) 30 minutes before the
ischemic PC protocol on day 1 and that were euthanized on day
2. All rabbits were preconditioned with a sequence of six
4-minute coronary occlusion/reperfusion cycles 24 hours earlier.

Figure 6. Myocardial infarct size after 30-minute coronary
occlusion followed by 3 days of reperfusion in groups VIII
through XII. Groups VIII and XI received no PC, whereas groups
IX, X, and XII were subjected to ischemic PC 24 hours earlier.
Rabbits received an intravenous bolus of vehicle (groups VIII
[control group] and IX [PC�vehicle group]) or of the BH4 synthe-
sis inhibitor NAS (15 mg/kg over 5 minutes) 30 minutes before
the 30-minute coronary occlusion on day 2 (groups X [PC�NAS
group] and XI [NAS group]) or 30 minutes before the ischemic
PC protocol on day 1 (group XII [NAS Pre group]). Infarct size is
expressed as a percentage of the region at risk of infarction.
Open circles indicate individual rabbits; solid circles,
mean�SEM.
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as physiological as possible. The rabbit was selected because
it is the most commonly used species for experimental studies
of hypercholesterolemia and atherosclerosis. The duration of
the cholesterol-enriched diet (6 weeks) was selected to avoid
the development of structural atherosclerotic lesions while
achieving high and steady plasma cholesterol levels, so as to
enable us to test the effect of hypercholesterolemia in the
absence of obstructive vascular disease. Indeed, this protocol
produced hypercholesterolemia (Figure 2) without histologi-
cal evidence of atherosclerosis as demonstrated by postmor-
tem staining of the aortas with oil red O. In addition, this
hypercholesterolemic rabbit model exhibited impaired NO
bioactivity as demonstrated by the blunted hypotensive re-
sponse to endothelium-dependent vasodilators (Figure 3).
Despite the high cholesterol levels and the impaired endothe-
lium-dependent vasodilation, however, infarct size was vir-
tually the same as in normocholesterolemic rabbits (Figure 4),
which indicates that hypercholesterolemia does not affect the
susceptibility to ischemia/reperfusion injury in naïve (un-
stressed) myocardium. This finding is in apparent contrast to
the studies by Jung et al21 and Wang et al7 in open-chest
rabbit preparations, which concluded that the hypercholester-
olemic myocardium is more susceptible to ischemia/reperfu-
sion injury. In the investigation by Jung et al,21 rabbits were
fed an atherogenic diet (0.25% cholesterol and 3% coconut
oil) for 4 weeks, after which they underwent a 30-minute
coronary occlusion followed by 2 hours of reperfusion. In the
study by Wang et al,7 rabbits were fed 0.5% cholesterol and
10% coconut oil for 8 weeks and then underwent a 30-minute
coronary occlusion/4-hour reperfusion sequence. The reasons
for the apparent discrepancy between these findings and the
present data are unknown. The divergent results may be
secondary to differences in experimental preparations (open-
chest versus conscious animals), diet components (cholesterol
plus coconut oil versus cholesterol only), or experimental
protocols (2 to 4 hours versus 24 hours of reperfusion). As
alluded to above, our decision to use a conscious rabbit model
and a duration of reperfusion of 24 hours was motivated by
our concern that open-chest models or shorter reperfusion
intervals may lead to erroneous conclusions.

No previous study has assessed the impact of hypercholes-
terolemia on late PC induced by ischemia. With regard to the
effect of hypercholesterolemia on late PC induced by stimuli
other than ischemia, only 2 reports22,23 are available besides
our recent study.9 In the first report, Szekeres et al22 con-
cluded that the protection induced by rapid ventricular pacing
against the hemodynamic and electrophysiological changes
caused by subsequent rapid overpacing was still present in
cholesterol-fed rabbits, but a greater PC stimulus was re-
quired. These results were interpreted to suggest that hyper-
cholesterolemia elevates the threshold for the PC response. In
another study, Szilvassy et al23 reported that the delayed
protective effect induced by lipopolysaccharide against the
hemodynamic and electrophysiological changes caused by
ventricular overpacing was not abrogated in cholesterol-fed
conscious rabbits. In both of these studies,22,23 however, the
experiments were performed in hypercholesterolemic rabbits
with atherosclerotic lesions, which may have confounded the
effects of hypercholesterolemia per se (ie, the presence of

obstructive vascular disease may have caused ischemia);
furthermore, the end points used were ST-segment elevation,
left ventricular end-diastolic pressure, and shortening of the
ventricular effective refractory period, not infarct size. These
end points are not commonly used in studies of PC.1,24

Therefore, the findings are difficult to evaluate because the
animal model was not one of pure hypercholesterolemia and
because the significance of the end points selected is unclear.
In addition, unlike the present study, neither of these inves-
tigations22,23 used ischemia as the PC stimulus. The clinical
relevance of tachycardia and lipopolysaccharide as PC stim-
uli is uncertain. Using infarct size as the end point, we have
found that administration of the NO donor DETA/NO, which
induces delayed protection in healthy rabbits, fails to induce
delayed protection in rabbits fed a 1% cholesterol-enriched
diet for 4 weeks,9 which demonstrates that hypercholesterol-
emia blunts NO donor–induced late PC. It is unknown,
however, whether these conclusions apply to late PC induced
by ischemia, because the mechanism of late PC may differ
depending on the stimulus used.1 The present study is the first
to demonstrate that hypercholesterolemia abrogates ischemia-
induced late PC.

Late PC requires the activity of both eNOS, which triggers
the transition from a naïve to a protected phenotype after the
PC ischemia,2,25 and iNOS, which mediates the late PC effect
during subsequent ischemia/reperfusion injury.25,26 If hyper-
cholesterolemia impairs only the activity of eNOS, one would
expect that exogenous NO (via administration of an NO
donor) should restore the late PC effect. However, our
previous finding9 that administration of the NO donor
DETA/NO was unable to induce the late PC effect in
hypercholesterolemic rabbits suggests that hypercholesterol-
emia interferes with the activity of iNOS in addition to or in
lieu of the activity of eNOS. That is, even though exogenous
NO (via administration of an NO donor) initiates the PC
response on day 1, cardioprotection is not manifest, because
hypercholesterolemia also impairs the iNOS-derived NO
generation that mediates late PC on day 2. BH4 is known to
be an essential cofactor for both eNOS and iNOS.10 iNOS
activity, however, may be particularly sensitive to BH4 levels,
because upregulation of this isoform is thought to result in
continuous, high-level NO generation,27 which in turn would
require continuous resynthesis of BH4 to support the activity
of this enzyme. Because hypercholesterolemia is associated
with increased production of superoxide anion,28 which may
either inhibit the biosynthesis or prevent the recycling of
BH4,18 we postulated that hypercholesterolemia may decrease
the bioavailability of BH4, leading to impairment of the
iNOS-derived NO formation that is required to mediate late
PC protection. Indeed, we found that BH4 levels are upregu-
lated in the preconditioned myocardium of healthy rabbits
(Figure 5, group VI) but not in that of hypercholesterolemic
rabbits (Figure 5, group VII). To the best of our knowledge,
this is the first demonstration that ischemic PC upregulates
myocardial BH4 and that this phenomenon is blocked by
hypercholesterolemia. Unlike a previous study in which
hypercholesterolemia reduced BH4 levels in rabbit aortas,11 in
the present study, hypercholesterolemia did not reduce BH4

levels in nonpreconditioned myocardium (left ventricular
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posterior wall in the hypercholesterolemic-PC group; Figure
5). Thus, in this rabbit model, hypercholesterolemia blunts
the increase in myocardial BH4 that is observed at 24 hours
after ischemic PC but does not affect the basal myocardial
content of BH4. The difference between the present findings
and those of the aforementioned study11 could be due to the
different tissues examined (myocardium versus aorta) and/or
to the different duration of hypercholesterolemia (6 weeks
versus 8 to 10 weeks).

Next, in study II, we sought to elucidate the significance of
BH4 synthesis in late PC, an issue about which nothing is
currently known. We reasoned that if the ischemic PC-
induced upregulation of BH4 is essential for iNOS to mediate
the late PC protection, inhibition of BH4 synthesis in healthy
animals should mimic the effects of hypercholesterolemia
and block late PC. We used NAS, an inhibitor of sepiapterin
reductase, which is a critical enzyme in the biosynthesis of
BH4.10,29 NAS has been shown to effectively inhibit BH4

synthesis in vivo.30 The ability of the dose of NAS used in the
present study to block the increased BH4 synthesis induced by
ischemic PC was confirmed by the measurements of myocar-
dial BH4 levels (Figure 7). The results of study II demonstrate
that in normocholesterolemic rabbits, the protection of late
PC was abrogated by administration of NAS on day 2 (group
X, Figure 6; Data Supplement Figure II), mimicking the
results observed in hypercholesterolemic rabbits (group IV,
Figure 4; Data Supplement Figure I). Our finding that
preventing the increase in BH4, in itself, is sufficient to
prevent late PC supports the concept that hypercholesterol-
emia abrogates late PC, at least in part, by interfering with
BH4 availability. To the best of our knowledge, this is the first
evidence that BH4 synthesis is required for late PC to occur.

The ability of NAS to decrease myocardial BH4 levels
rapidly (within 30 minutes after its administration; Figure 5)
is due to the fact that the active (reduced) form of BH4 (which
was measured in the present study) is constantly oxidized to
the inactive form and constantly resynthesized by the BH4

biosynthetic pathway, in which the enzyme sepiapterin reductase
plays a key role.10,29,31 Accordingly, inhibition of sepiapterin
reductase by NAS would be expected to result in a rapid decline
in myocardial BH4 levels, such as that observed in the present
study at 30 minutes after NAS (Figure 7).

The finding that administration of NAS before ischemic
PC failed to abrogate the infarct-sparing effects of late PC 24
hours later (Figure 6) suggests that inhibition of sepiapterin
reductase by NAS does not persist for 24 hours after
treatment. This was confirmed by our observation that myo-
cardial BH4 levels in rabbits pretreated with NAS 24 hours
earlier were similar to those observed in control rabbits
(Figure 7). The disappearance of sepiapterin reductase inhi-
bition allows resynthesis of BH4, such that the activity of
iNOS can be supported and the protection afforded by late PC
can be observed despite administration of NAS 24 hours
earlier.

It is noteworthy that the development of late PC was not
affected by inhibition of BH4 synthesis with NAS on day 1
(group XII, Figure 6; Data Supplement Figure II), despite the
fact that BH4 is a necessary cofactor for eNOS,32 which
triggers late PC on day 1.25 Because NAS did not reduce the

basal levels of BH4 (Figure 7), it is plausible that these levels
may be sufficient to support the relatively brief increase in
eNOS activity that generates the NO responsible for trigger-
ing the development of late PC.25 In contrast to eNOS
activity, which is pulsatile, iNOS activity is continuous27 and
therefore may not be possible without a sustained increase in
BH4 formation.

In conclusion, we have demonstrated that hypercholester-
olemia completely abrogates not only the cardioprotective
effects of late PC but also the concomitant upregulation of
myocardial BH4 synthesis. In addition, the present study
establishes BH4 levels as an essential determinant of the
ability of the heart to shift to a preconditioned phenotype,
because inhibition of BH4 formation in healthy animals was
sufficient to prevent late PC. Our results also indicate that
BH4 availability is a limiting factor for the activity of iNOS,
which mediates late PC on day 2, but not for the activity of
eNOS, which triggers late PC on day 1. Finally, this is the
first study to demonstrate that severe hypercholesterolemia
has no effect on infarct size in the unstressed (nonprecondi-
tioned) state. Collectively, the results of the present study
support the conclusion that hypercholesterolemia abrogates
late PC by interfering with the upregulation of BH4 synthesis,
which leads to dysfunction of iNOS.

Conclusions
Ischemic PC is a well-documented endogenous, cardiopro-
tective phenomenon. The underlying molecular mechanisms
of this phenomenon have been investigated intensively over
the last decade. The progress of research on ischemic PC has
offered hope of developing new rational approaches to
therapeutic protection of the ischemic myocardium; however,
ischemic heart disease in humans is a complex disorder, often
associated with other systemic diseases or cardiovascular risk
factors, such as hypercholesterolemia/hyperlipidemia, hyper-
tension, and diabetes, that exert multiple biochemical effects
on the heart, independently of ischemia. In the present study,
we have demonstrated that the infarct-sparing effect of the
late phase of ischemic PC conferred in normocholesterolemic
rabbits is lost in diet-induced hypercholesterolemic animals,
which suggests a negative effect of hypercholesterolemia on
this phenomenon. Further evidence indicates that hypercho-
lesterolemia blunts the ischemic PC–induced increase in
myocardial levels of tetrahydrobiopterin, an essential compo-
nent of the biochemical pathway for generating nitric oxide,
which plays a pivotal role in the late phase of ischemic PC.
These results suggest that the coexistence of other diseases
and risk factors impairs the biochemical mechanisms and
protective effects of PC. It is important that future preclinical
studies specifically examine PC in relation to complicating
disease states. Broader investigation of PC in diseased models
might shed more light on the underlying biochemical mech-
anisms of this intriguing and potentially exploitable endoge-
nous, cardioprotective response.

Acknowledgments
This study was supported in part by National Institutes of Health R01
grants HL74351, HL-55757, HL-68088, HL-70897, HL-76794, HL-

Tang et al Hypercholesterolemia and Ischemic PC 2155

 by guest on July 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/


78825, and HL-65660 and by American Heart Association grant
0355391B.

References
1. Bolli R. The late phase of preconditioning. Circ Res. 2000;87:972–983.
2. Bolli R, Bhatti ZA, Tang XL, Qiu Y, Zhang Q, Guo Y, Jadoon AK.

Evidence that late preconditioning against myocardial stunning in con-
scious rabbits is triggered by the generation of nitric oxide. Circ Res.
1997;81:42–52.

3. Bolli R, Dawn B, Tang XL, Qiu Y, Ping P, Xuan YT, Jones WK, Takano
H, Guo Y, Zhang J. The nitric oxide hypothesis of late preconditioning.
Basic Res Cardiol. 1998;93:325–338.

4. Kuzuya T, Hoshida S, Yamashita N, Fuji H, Oe H, Hori M, Kamada T,
Tada M. Delayed effects of sublethal ischemia on the acquisition of
tolerance to ischemia. Circ Res. 1993;72:1293–1299.

5. Marber MS, Yellon DM. Myocardial adaptation, stress proteins, and the
second window of protection. Ann N Y Acad Sci. 1996;793:123–141.

6. Ferdinandy P, Csonka C, Csont T, Szilvassy Z, Dux L. Rapid pacing-
induced preconditioning is recaptured by farnesol treatment in hearts of
cholesterol-fed rats: role of polyprenyl derivatives and nitric oxide. Mol
Cell Biochem. 1998;186:27–34.

7. Wang TD, Chen WJ, Mau TJ, Lin JW, Lin WW, Lee YT. Attenuation of
increased myocardial ischaemia-reperfusion injury conferred by hyper-
cholesterolaemia through pharmacological inhibition of the caspase-1
cascade. Br J Pharmacol. 2003;138:291–300.

8. Ferdinandy P. Myocardial ischaemia/reperfusion injury and precondi-
tioning. Br J Pharmacol. 2003;138:283–285.

9. Tang XL, Stein AB, Shirk G, Bolli R. Hypercholesterolemia blunts NO
donor-induced late preconditioning against myocardial infarction in con-
scious rabbits. Basic Res Cardiol. 2004;99:395–403.

10. Gross SS, Levi R. Tetrahydrobiopterin synthesis: an absolute requirement
for cytokine-induced nitric oxide generation by vascular smooth muscle.
J Biol Chem. 1992;267:25722–25729.

11. Vasquez-Vivar J, Duquaine D, Whitsett J, Kalyanaraman B, Rajagopalan
S. Altered tetrahydrobiopterin metabolism in atherosclerosis. Arterioscler
Thromb Vasc Biol. 2002;22:1655–1661.

12. Eto Y, Shimokawa H, Tanaka E, Morishige K, Fuchigami M, Ishiwata Y,
Matsushima K, Takeshita A. Long-term treatment with propagermanium
suppresses atherosclerosis in WHHL rabbits. J Cardiovasc Pharmacol.
2003;41:171–177.

13. Fukushima T, Nixon JC. Analysis of reduced forms of biopterin in
biological tissues and fluids. Anal Biochem. 1980;102:176–188.

14. Duncker DJ, Klassen CL, Ishibashi Y, Herrlinger SH, Pavek TJ, Bache
RJ. Effect of temperature on myocardial infarction in swine.
Am J Physiol. 1996;270:H1189–H1199.

15. Haessler R, Kuzume K, Chien GL, Wolff RA, Davis RF, Van Winkle
DM. Anaesthetics alter the magnitude of infarct limitation by ischaemic
preconditioning. Cardiovasc Res. 1994;28:1574–1580.

16. Kirsch M, Korth HG, Stenert V, Sustmann R, de Groot H. The autoxi-
dation of tetrahydrobiopterin revisited. J Biol Chem. 2003;278:
24481–24490.

17. Mochizuki S, Sipkema P, Goto M, Hiramatsu O, Nakamoto H, Toyota E,
Kajita T, Shigeto F, Yada T, Ogasawara Y, Kajiya F. Exogenous nitric
oxide suppresses flow-induced endothelium-derived nitric oxide produc-
tion due to depletion of tetrahydrobiopterin. Am J Physiol. 2005;288:
H553–H558.

18. Milstien S, Katusic Z. Oxidation of tetrahydrobiopterin by peroxynitrite:
implications for vascular endothelial function. Biochem Biophys Res
Commun. 1999;263:681–684.

19. Patel KB, Stratford MR, Wardman P, Everett SA. Oxidation of tetrahy-
drobiopterin by biological radicals and scavenging of the trihydro-
biopterin radical by ascorbate. Free Radic Biol Med. 2002;32:203–211.

20. Li XY, McCay PB, Zughaib M, Jeroudi MO, Triana JF, Bolli R. Dem-
onstration of free radical generation in the “stunned” myocardium in the
conscious dog and identification of major differences between conscious
and open-chest dogs. J Clin Invest. 1993;92:1025–1041.

21. Jung O, Jung W, Malinski T, Wiemer G, Schoelkens BA, Linz W.
Ischemic preconditioning and infarct mass. Clin Exp Hypertens. 2000;
22:165–179.

22. Szekeres L, Szilvassy Z, Ferdinandy P, Nagy I, Karcsu S, Csati S.
Delayed cardiac protection against harmful consequences of stress can be
induced in experimental atherosclerosis in rabbits. J Mol Cell Cardiol.
1997;29:1977–1983.

23. Szilvassy Z, Ferdinandy P, Cluff CW, Elliott GT. Antiischemic effect of
monophosphoryl lipid A in conscious rabbits with hypercholesterolemia
and atherosclerosis. J Cardiovasc Pharmacol. 1998;32:206–212.

24. Yellon DM, Downey JM. Preconditioning the myocardium: from cellular
physiology to clinical cardiology. Physiol Rev. 2003;83:1113–1151.

25. Xuan YT, Tang XL, Qiu Y, Banerjee S, Takano H, Han H, Bolli R.
Biphasic response of cardiac NO synthase isoforms to ischemic precon-
ditioning in conscious rabbits. Am J Physiol. 2000;279:H2360–H2371.

26. Guo Y, Jones WK, Xuan YT, Tang XL, Bao W, Wu WJ, Han H, Laubach
VE, Ping P, Yang Z, Qiu Y, Bolli R. The late phase of ischemic
preconditioning is abrogated by targeted disruption of the inducible NO
synthase gene. Proc Natl Acad Sci U S A. 1999;96:11507–11512.

27. Bredt DS. Endogenous nitric oxide synthesis: biological functions and
pathophysiology. Free Radic Res. 1999;31:577–596.

28. Ohara Y, Peterson TE, Harrison DG. Hypercholesterolemia increases
endothelial superoxide anion production. J Clin Invest. 1993;91:
2546–2551.

29. Thony B, Auerbach G, Blau N. Tetrahydrobiopterin biosynthesis, regen-
eration and functions. Biochem J. 2000;347(pt 1):1–16.

30. Klemm P, Hecker M, Stockhausen H, Wu CC, Thiemermann C. Inhi-
bition by N-acetyl-5-hydroxytryptamine of nitric oxide synthase
expression in cultured cells and in the anaesthetized rat. Br J Pharmacol.
1995;115:1175–1181.

31. Elzaouk L, Osmani H, Leimbacher W, Romstad A, Friedman J, Maccollin
M, Thony B, Blau N. Sepiapterin reductase deficiency. In: Milstien S,
Shane B, Levine RA, eds. Chemistry and Biology of Pteridines and
Folates. Amsterdam: Kluwer; 2002:277–285.

32. Katusic ZS. Vascular endothelial dysfunction: does tetrahydrobiopterin
play a role? Am J Physiol. 2001;281:H981–H986.

2156 Circulation October 4, 2005

 by guest on July 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/


Dawn, Yanqing Zhu, Gregg Shirk, Wen-Jian Wu and Roberto Bolli
Xian-Liang Tang, Hitoshi Takano, Yu-Ting Xuan, Hiroshi Sato, Eitaro Kodani, Buddhadeb

Tetrahydrobiopterin-Dependent Mechanism in Conscious Rabbits
Hypercholesterolemia Abrogates Late Preconditioning via a

Print ISSN: 0009-7322. Online ISSN: 1524-4539 
Copyright © 2005 American Heart Association, Inc. All rights reserved.

is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Circulation 
doi: 10.1161/CIRCULATIONAHA.105.566190

2005;112:2149-2156; originally published online September 26, 2005;Circulation. 

 http://circ.ahajournals.org/content/112/14/2149
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

 http://circ.ahajournals.org/content/suppl/2005/09/13/CIRCULATIONAHA.105.566190.DC1
Data Supplement (unedited) at:

  
 http://circ.ahajournals.org//subscriptions/

is online at: Circulation  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer this process is available in the

click Request Permissions in the middle column of the Web page under Services. Further information about
Office. Once the online version of the published article for which permission is being requested is located, 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not the EditorialCirculationin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on July 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/content/112/14/2149
http://circ.ahajournals.org/content/suppl/2005/09/13/CIRCULATIONAHA.105.566190.DC1
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circ.ahajournals.org//subscriptions/
http://circ.ahajournals.org/

