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Background-—It is well established that acute ischemic preconditioning (IPC) protects against ischemia–reperfusion (IR) injury;
however, the effectiveness of repeated IPC exposure has not been extensively investigated. We aimed to determine whether daily
IPC episodes provide continued protection from IR injury in a human forearm model, and the role of cyclooxygenase-2 in these
responses.

Methods and Results-—Thirty healthy volunteers were randomized to participate in 2 of 3 protocols (IR alone, 1-day IPC, 7-day IPC)
in an operator-blinded, crossover design. Subjects in the IR alone protocol underwent flow-mediated dilation (FMD) measurements
pre- and post-IR (15′ upper-arm ischemia and 15′ reperfusion). The 1-day IPC protocol involved FMD measurements before and
after 1 episode of IPC (3 cycles of 5′ upper-arm ischemia and 5′ reperfusion) and IR. Day 7 of the 7-day IPC protocol was identical
to the 1-day IPC protocol but was preceded by single daily episodes of IPC for 6 days prior. During each protocol, subjects received
a 7-day treatment of either the cyclooxygenase-2 inhibitor celecoxib or placebo. Pre-IR FMD was similar between groups. IR alone
reduced FMD post-IR (placebo, DFMD: �4.4�0.7%; celecoxib, DFMD: �5.0�0.5%). One-day IPC completely prevented this effect
(placebo, DFMD: �1.1�0.6%; celecoxib, DFMD: 0.0�0.7%; P<0.0001). Similarly, 7-day IPC demonstrated persistent endothelial
protection post-IR (placebo, DFMD: �0.9�0.9%; celecoxib, DFMD: 0.0�0.8%; P<0.0001, P<0.0001 for ANOVA effect of IPC
protocol). Celecoxib did not alter responses to IR in any protocol.

Conclusions-—Daily episodes of IPC provide sustained protection from IR-induced endothelial dysfunction in humans through a
mechanism that appears cyclooxygenase-2-independent. ( J AmHeart Assoc. 2013;2:e000075 doi: 10.1161/JAHA.112.000075)
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R estoration of blood flow after severe ischemia or
ongoing infarction results in further tissue damage, a

phenomenon known as ischemia–reperfusion (IR) injury. IR
injury has been shown to cause arrhythmias, vascular
endothelial dysfunction, myocardial stunning, and cell death.1

Endothelial cells are particularly sensitive to, and actively
participate in the progression of IR injury. They are the first
cellular population to experience reperfusion and have a
major impact on subsequent blood flow responses to areas of

prior ischemia.2,3 A state of endothelial dysfunction com-
monly occurs following IR injury, which can impair tissue
perfusion through the activation of neutrophils and platelets
and exacerbate tissue damage.4 The endothelium’s sensitivity
to IR injury has been demonstrated in several experiments
where exposure to short periods of IR caused selective
endothelial dysfunction while leaving vascular smooth muscle
function unimpaired,2,4 although this has not been consis-
tently demonstrated.5 Furthermore, it has been shown that
the kinetics of cell death during IR are cell-specific with
endothelial cells succumbing prior to cardiomyocytes.6 Thus,
the endothelium is extremely sensitive to IR injury, but at the
same time is a major determinant of the tissue’s ability to
recover from IR. Therefore, studies aimed at protecting the
endothelium from IR, particularly when conducted in humans,
should be considered of direct clinical interest.

It has been demonstrated that exposure to brief periods of
ischemia (termed ischemic preconditioning [IPC]) before a
prolonged ischemic insult can reduce myocardial and endo-
thelial sensitivity to IR-induced injury,4,7 a phenomenon that
has been observed in every species tested, including
humans.8 The potent protective effects of preconditioning
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provide attractive opportunities for therapeutic intervention.
For example, preconditioning may have clinical applications in
the setting of programmed ischemia (eg, during percutaneous
coronary angioplasty9 or coronary artery bypass surgery10).
Although preconditioning interventions have been used to
improve mortality and morbidity in patients experiencing
spontaneous myocardial infarction,11 this therapeutic
approach remains largely unexploited in clinical practice.
An important, intrinsic limitation is that spontaneous, acute
myocardial infarction therapeutic preconditioning can only be
applied after the onset of infarction, an approach that limits
their effectiveness as compared to animal models of
“planned” myocardial infarction. One approach to this prob-
lem, which might find application in patients at high risk of
myocardial infarction, would be the development of repeated
preconditioning treatment algorithms that would provide
ongoing protection from the effects of IR. To date, this
approach has not been explored in humans. Therefore, the
purpose of the current investigation was to determine
whether the protective effects of IPC are maintained when
administered repeatedly over time.

Methods

Population
Thirty young, healthy, male volunteers (20 to 31 years old)
were enrolled to participate in this operator-blinded, placebo-
controlled, crossover design study. The Mount Sinai Research
Ethics Board approved the protocols and all subjects gave
informed consent prior to beginning the study. Exclusion
criteria included any active disease, the use of medications
(including supplemental vitamins), as well as risk factors for
cardiovascular disease such as hypertension, smoking, or
hypercholesterolemia.

Study Protocols
This study involved 3 separate protocols, which were
designed to study the effect of (1) IR alone on flow-
mediated dilation (FMD) (with no IPC); (2) the effect of IR on
FMD after a single episode of IPC and, finally (3) the effect
of IR on FMD after 7 days of repeated episodes of IPC. Each
protocol included 20 volunteers randomized (in a double-
blind fashion) to either celecoxib 200 mg bid or matching
placebo bid. Each participant participated in 2 of the 3
protocols (Figure 1).

Study Methodology
Studies were conducted in a quiet, temperature- and humid-
ity-controlled environment. All subjects were required to fast

and abstain from caffeine for 24 hours prior to the study.
After admission to the study, subjects were randomized in a
double-blind fashion to celecoxib 200 mg bid or placebo. They
were subsequently randomized to participate in 2 of 3
protocols (IR alone, 1-day IPC, 7-day IPC; described below) in
a crossover fashion (with a minimum 7 days of washout
between each protocol). A research nurse not involved in
acquisition or analysis of study data performed all random-
ization and maintained appropriate logs. The first author
performed the preconditioning protocols including data
acquisition and measurement. Upon completion of the study,
data files were coded and all FMD analyses were performed in
a blinded fashion.

IR Alone Protocol
Initially, subjects were randomized to 200 mg bid of celecoxib
or matching placebo for the 7 days prior to, and including the
day of the study visit. On the day of the study visit, standing
blood pressure measurements were obtained after 10 min-
utes of rest, using an automatic, calibrated sphygmomanom-
eter (GE Healthcare). Radial artery FMD was then measured
as previously described.12–14 Subsequently, subjects under-
went an episode of forearm IR by placing a pneumatic cuff at
the level of the brachial artery and inflating it to 250 mm Hg

Figure 1. A, IR alone protocol. After a 7-day treatment of celecoxib
200 mg bid or matching placebo, subjects underwent assessments
of FMD before and after IR. n=10 per treatment. B, One-day IPC
protocol. After a 7-day treatment of celecoxib 200 mg bid or
matching placebo, subjects underwent assessments of FMD before
and after IPC-IR. n=10 per treatment. C, Seven-day IPC protocol.
Subjects visited the laboratory on 6 consecutive days to undergo a
single episode of IPC, simultaneous with celecoxib 200 mg bid or
matching placebo treatment. On the seventh day, subjects under-
went assessments of FMD before and after IPC-IR. n=10 per
treatment. IPC indicates ischemic preconditioning; FMD, flow-med-
iated dilation; IR, ischemia–reperfusion.
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for 15 minutes, followed by 15 minutes of reperfusion. FMD
measurements were repeated immediately following the
period of IR (Figure 1A). This model, which causes a marked
impairment in endothelium-dependent vasodilation while
leaving endothelium-independent vasodilation intact,4 has
been recently employed in multiple studies of IR injury and
preconditioning (including a number from our group).12–14 The
repeatability and reproducibility of FMD as assessed in our
laboratory have been described previously.15

1-Day Protocol
The 1-day protocol consisted of subjects being administered
200 mg bid of celecoxib or matching placebo for the 7 days
prior to and including the day of the study visit. On the day of
the study visit, subjects underwent a baseline assessment of
FMD followed by a single episode of IPC (3 cycles of 5′ upper
arm ischemia followed by 5′ reperfusion). Subsequently,
subjects underwent the 15′ ischemia and, after 15′ of
reperfusion, a second assessment of FMD (Figure 1B).

7-Day Protocol
The 7-day protocol consisted of subjects visiting the
laboratory 6 consecutive times, each 24 hours apart, during
which they underwent a single episode of IPC as described
above. On day 1, subjects began a 7-day regimen of
200 mg bid of celecoxib or matching placebo. Twenty-four
hours after the end of the sixth IPC visit, the seventh
visit consisted of measuring radial artery FMD before and
after episodes of IPC and IR as in the 1-day protocol
(Figure 1C).

Statistical Analysis
Sample size estimates for this study assume 1�b=0.8 and a
2-sided a of 0.05. For this study, sample size estimates were
made based on previous data from our laboratory.12 IR
decreased FMD responses from 7.9�3.3% to 1.2�2.3%.
Prevention of 50% of this impairment via IPC-induced
preconditioning requires a sample size of 10 subjects in
each crossover group. A 2-way analysis of variance was
carried with the different IPC protocols (ie, IR alone, 1-day
IPC, or 7-day IPC) and drug (placebo or celecoxib) as
between-subject factors (IPC protocol and drug, respec-
tively). This analysis was used to assess the effects of both
IPC and drug allocation on the change in FMD after IR
(DFMD) in the 3 protocols. Post hoc comparisons were
performed using the Bonferroni correction. A value of
P<0.05 was set as the threshold for significance. All results
are presented as mean�SE. SAS 9.1.3 (SAS Institute, Inc.)
was used for all statistical analyses.

Results
Radial artery diameter, the change in radial artery diameter in
response to reactive hyperemia (ie, during FMD), and blood
flow data are presented in the Table. DFMD data are
presented in Figure 2.

Baseline Parameters
There were no significant differences in radial artery diameter,
baseline blood flow, reactive hyperemia or change in arterial
diameter following wrist cuff deflation between protocols in
those were treated with placebo or celecoxib (Table 1).
Hemodynamic parameters (systolic blood pressure, diastolic
blood pressure, and mean arterial pressure) were not
significantly different between any of the groups.

Effect of IR
There were no significant differences in either baseline
diameter or baseline blood flow before versus after IR in
any protocol (P=NS for all; Table), nor were there any
differences in peak reactive hyperemia before versus after IR
in any of the protocols (Table). In both the placebo and
celecoxib groups, IR alone reduced FMD (Figure 2; placebo,
DFMD: �4.4�0.7%; celecoxib, DFMD: �5.0�0.5%), whereas
the adverse effect of IR on FMD with IR was significantly
reduced in both the 1-day IPC (Figure 2; placebo, DFMD:
�1.1�0.6%; celecoxib, DFMD: 0.0�0.7%; P<0.0001) and 7-
day IPC protocols (Figure 2; placebo, DFMD: �0.9�0.9%;
celecoxib, DFMD: 0.0�0.8%; P<0.0001). The ANOVA revealed
a significant effect of IPC protocol on DFMD (P<0.0001).
There was no difference in the protective effect of IPC
between the 1-day and 7-day IPC protocols.

Effect of Celecoxib
In each of the protocols (IR alone, 1-day IPC, 7-day IPC), there
were no significant differences between the placebo and
celecoxib cohorts with regards to baseline parameters (ie,
hemodynamic parameters, or baseline diameter, baseline
blood flow, reactive hyperemia, and FMD before IR), nor were
there any differences in the FMD responses with IR (P=NS for
all; Table and Figure 2).

Discussion
Since the initial observation that brief, sublethal episodes of
myocardial ischemia provide remarkable protection in the
setting of myocardial function,7 the phenomenon of IPC has
been shown to be reproducible and effective in multiple
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organs and species. IPC has generated tremendous scientific
interest being described as the most powerful available form
of in vivo protection against myocardial ischemic injury.16

However, despite over 20 years of research, preconditioning
strategies have not yet been widely implemented in clinical
practice. Most efforts in the development of therapeutic
cardiovascular preconditioning have been designed to limit
damage in the setting of acute myocardial infarction. In this
case, preconditioning (or “perconditioning”) stimuli are used
in an effort to limit damage after the onset of the infarction
process. Preconditioning interventions have also been used in
an effort to limit damage during procedures where IR injury
predictably occurs (such as during percutaneous interventions
and cardiopulmonary bypass).17 Theoretically, the phenomena
of preconditioning could also be used in patients to limit
symptoms (eg, exertional angina)18 or to provide ongoing
protection from the consequences of acute ischemia or
infarction. The ability to exploit this potential clinical applica-
tion of preconditioning (either ischemic or pharmacologic) is
dependent on whether a “preconditioned state” can be
maintained over time. With these considerations in mind, the
development of preconditioning techniques that do not result
in tachyphylaxis or tolerance when administered in a repet-

itive fashion is an important therapeutic goal. A number of
studies have examined the ability of repeated pharmacologic
stimuli to induce a sustained preconditioning phenotype.
Exposure to HMG-CoA reductase inhibitors, opioid agonists,
chronic adenosine receptor activation, and nitroglycerin have
been mixed, with some experiments demonstrating sustained
protection with others showing loss of protection over
time.19–22 Although a single exposure to nitroglycerin has
repeatedly been shown to have protective cardiovascular
effects in humans,9,13 we recently reported that repeated,
daily 2-hour exposure to nitroglycerin was associated with
loss of its preconditioning effects.23 HMG-CoA reductase
inhibitors have also been explored as preconditioning agents
in models of human disease. A number of studies have
documented that HMG-CoA reductase inhibitors are protec-
tive in the setting of angioplasty, myocardial infarction, and
cardiac surgery.24–27 Although these studies made use of
sustained dosing regimens, the positive treatment effect was
driven mostly by an impact on periprocedural events and the
independent impact of “chronic dosing” was not clearly
defined. Our group has recently completed a study in which
the effects of 3 weeks of daily therapy with rosuvastatin
on the response to IR were compared to those observed in

Table. Arterial Diameter and Blood Flow Data

Radial Artery
Diameter, mm

Before IR After IR

Baseline Diameter
Absolute Change in Diameter
After Wrist Cuff Deflation Baseline Diameter

Absolute Change in Diameter
After Wrist Cuff Deflation

Placebo

IR alone 2.23�0.13 0.17�0.01 2.21�0.13 0.07�0.01*

1-day IPC 2.42�0.09 0.16�0.01 2.40�0.10 0.13�0.02

7-day IPC 2.41�0.12 0.19�0.02 2.42�0.13 0.20�0.02

Celecoxib

IR alone 2.26�0.12 0.17�0.02 2.24�0.12 0.06�0.01**

1-day IPC 2.34�0.09 0.16�0.02 2.26�0.08 0.15�0.02

7-day IPC 2.27�0.10 0.16�0.02 2.25�0.10 0.16�0.02

Blood Flow, mL/min

Before IR After IR

Baseline
After Wrist Cuff
Deflation

Reactive
Hyperemia, % Baseline

After Wrist Cuff
Deflation

Reactive
Hyperemia, %

Placebo

IR alone 12.4�4.3 87.3�15.0 1080�203 8.7�1.9 80.7�12.6 929�111

1-day IPC 15.3�3.6 119.5�12.9 1003�228 12.3�2.0 109.4�10.3 937�146

7-day IPC 13.4�3.4 103.7�14.3 941�158 11.0�3.8 101.6�15.4 1094�224

Celecoxib

IR alone 11.0�2.2 89.3�10.8 879�152 11.4�3.1 89.4�13.5 1060�218

1-day IPC 13.4�1.7 110.7�13.1 793�127 10.7�2.8 102.8�11.9 1340�432

7-day IPC 13.0�4.1 110.0�19.5 912�203 11.5�4.7 101.0�17.3 1064�230

Radial artery diameter and blood flow at baseline and during reactive hyperemia are presented. n=10 per group. IR indicates ischemia–reperfusion; IPC, ischemic preconditioning.
*P<0.001; **P<0.0001: both for absolute change from baseline compared to before IR.
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a placebo group. In contrast to our previous report in
which a single exposure to rosuvastatin had pronounced
preconditioning effects, sustained exposure to rosuvastatin
provided no protection from IR injury.28

Remarkably, the concept of inducing sustained precondi-
tioning with repeated ischemic stimuli over time has received
less attention. Recent studies employing a swine model of
myocardial infarction compared a classic short-term IPC
stimulus to both repeated episodes of transient low flow
ischemia and repeated transient coronary occlusions, both
administered every 12 hours over a 72-hour period.29,30

These investigations found that repeated episodes of IPC over
this 3-day period were associated with sustained protection
from the effects of IR. These authors also reported that the
mechanism(s) of preconditioning protection from single
versus repeated episodes of IPC were different. The effect
of single episodes of IPC was dependent upon an upregulation
in NO synthesis and could be blocked by a NO synthase
inhibitor, however, repeated episodes of IPC were not.30

These findings are in contrast with an earlier report of a rabbit
model of IR injury, where very frequent IPC stimuli (40 to 65
periods of IPC over a period of 3 to 4 days), resulted in a
complete loss of cardioprotection as compared to a single IPC
episode.31

In humans, only limited information is available concerning
the effects of repeated preconditioning. To date, no human
study has reported the impact of repeated, controlled IPC
stimuli on the effect of IR. One prospective study, using self-
reported episodes of angina as a surrogate for IPC, showed
that multiple episodes (ie, >4) of angina in the 48 hours prior
to the incidence of myocardial infarction resulted in a similar
level of cardioprotection as that observed in patients who had
experienced a single episode during that time period.32 This
observation suggests that the myocardium does not become
tolerant or insensitive to the effects of IPC when induced

endogenously through multiple episodes of angina prior to
prolonged coronary ischemia.

The present investigation demonstrates that 7 episodes of
IPC, repeated daily, confer protection against IR-induced
endothelial damage in the radial artery that is equal to that
conferred by a single episode of IPC. Further, our results
suggest that the protection provided by both single and
repeated episodes of IPC are notmediated by amechanism that
involves COX-2, as the preadministration of the selective COX-2
inhibitor celecoxib did not alter the effect of IPC. However, as
mentioned above, COX-2 has been shown to be an important
mediator in the delayed IPC response. Several animal studies
have demonstrated that cardioprotection afforded by delayed
IPC is associated with an upregulation of the COX-2 protein
24 hours after IPC, along with an increased content of the by-
products of COX-2 activity: prostaglandin E2, 6-keto-prosta-
glandin F1a.

33 These prostaglandins are known to have
independent protective effects in the setting of IR.34 This
activity of COX-2 has been shown to be regulated by the
inducible isoform of nitric oxide synthase, another critical
signalingmolecule in conventional preconditioning pathways.33

For these reasons, we anticipated that 7 daily episodes of IPC
would put a COX-2-dependent signaling cascade into effect.
However, our results suggest that the chronic preconditioning
stimuli in this study may have provided endothelial protection
through a pathway that differs from the conventional signaling
pathways of acute preconditioning. This result is actually
consistent with the results reported from Depre et al30 where
the protection from repeated episodes of IPC were not
dependent on nitric oxide synthase.

The fact that the present data were acquired in healthy
volunteers and in forearm conduit vessels is acknowledged as
a limitation. However, the model of forearm IR injury used in
the present study has been previously shown to provide
reliable and relevant information regarding the effect of
various agents on the development of IR-induced endothelial
dysfunction.4,12,13,35 The small sample size in the present
study and our observed effect size for IR in the control groups,
which was smaller than what we have reported previously,
must also be acknowledged. However, we believe that the
possibility of type I or II statistical errors is unlikely since the
effect of IPC on FMD was more pronounced than what we had
originally hypothesized, such that our statistical power
remained high. However, the high variability in our blood flow
data does not permit us to exclude the possibility of a type II
error due to low statistical power.

The present study demonstrates, for the first time in
humans, that repeated episodes of IPC confer significant and
equipotent protection against IR-induced endothelial dysfunc-
tion in the forearm vasculature as that observed with a single
episode of IPC. This chronic preconditioning regimen does not
appear to be dependent on COX-2, which suggests that a novel

Figure 2. Change in the FMD response with IR (DFMD) in IR alone,
1-day IPC and 7-day IPC groups treated with placebo and celecoxib.
n=10 per group. IR indicates ischemia–reperfusion; FMD, flow-
mediated dilation; IPC, ischemic preconditioning.
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signaling pathway, distinct from those known to be involved in
acute preconditioning signaling, may be mediating the protec-
tive effects observed. With the inclusion of the current data, the
evidence from human chronic preconditioning studies suggests
that ischemia may be more effective than pharmacologic
agents as a preconditioning trigger when applied in a prolonged
fashion. The mechanistic differences between chronic IPC and
chronic administration of agents such as nitroglycerin and
HMG-CoA reductase inhibitors have yet to be determined and
are an area of future research. Elucidating the mechanisms that
govern chronic forms of preconditioning will permit a better
understanding of the clinical potential for this new branch of
preconditioning strategies.
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