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denosine A2A Receptor Agonist Improves Cardiac
ysfunction From Pulmonary Ischemia-Reperfusion

njury
. Brett Reece, MD, Victor E. Laubach, PhD, Curtis G. Tribble, MD,
homas S. Maxey, MD, Peter I. Ellman, MD, Patrick S. Warren, BS,
ndrew M. Schulman, MD, Joel Linden, PhD, John A. Kern, MD, and

rving L. Kron, MD

epartment of Surgery and Cardiovascular Research Center, University of Virginia Health System, Charlottesville, Virginia
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Background. Ischemia-reperfusion (IR) injury negatively
mpacts patient outcome in lung transplantation. Clinically,
e observed that lung transplant patients with ischemia-

eperfusion injury tend to have cardiac dysfunction. Previ-
us studies have shown that ATL-146e (4-{3-[6-amino-9-(5-
thylcarbamoyl-3,4-dihydroxy-tetrahydro-furan-2-yl)-9H-
urin-2-yl]-prop-2-ynyl}-cyclohexanecarboxylic acid methyl
ster), a selective adenosine A2A receptor agonist, reduces
ung inflammation after ischemia-reperfusion. We hy-
othesized that pulmonary ischemia-reperfusion causes
econdary heart dysfunction and ATL-146e will improve
his dysfunction.

Methods. We utilized an in vivo rabbit lung ischemia-
eperfusion model. The Sham group underwent 120
inutes single lung ventilation. The IR and ATL groups

nderwent 90 minutes right lung ischemia with 30 min-
tes right lung reperfusion. The ATL-146e was given

ntravenously to the ATL group during reperfusion.
ardiac output and arterial blood gases were monitored,
nd neutrophil sequestration was measured by myelo-
eroxidase activity.

Results. Upon reperfusion, cardiac output (mL/min)
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f Surgery, PO Box 801359, Charlottesville, VA 22908; e-mail:
br5q@virginia.edu.
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ignificantly dropped in the IR and ATL groups. By 15
inutes reperfusion, cardiac output in the ATL group

mproved significantly over the IR group and remained
ignificant thereafter. Lung myeloperoxidase activity was
ignificantly reduced by ATL-146e. Although never hy-
oxemic, arterial oxygenation was lower in the IR and
TL groups while central venous pressures and mean

rterial pressures were similar among groups. A separate
xperiment demonstrated that reperfusion with the anti-
xidant N-(2-mercaptopropionyl)glycine prevented car-
iac dysfunction.
Conclusions. Pulmonary ischemia-reperfusion causes

ardiac dysfunction independent of preload, afterload,
nd oxygenation. The ATL-146e improves this dysfunc-
ion presumably by the antiinflammatory effects of aden-
sine A2A receptor activation on neutrophils. One likely
echanism involves the release of oxidants from the

schemic lung upon reperfusion, which has immediate
egative effects on the heart.

(Ann Thorac Surg 2005;79:1189–95)

© 2005 by The Society of Thoracic Surgeons
ung transplantation has become an important part of
the treatment of patients with end-stage pulmonary

ysfunction. Approximately 15% of these transplants
xperience early allograft dysfunction resulting from
eperfusion injury of the ischemic donor lung. This injury
s difficult to predict or even to define, but the effects are
learly detrimental to patient outcomes. King and col-
eagues [1] demonstrated that clinically significant reper-
usion injury increased in-hospital mortality, mechanical
entilation requirements, intensive care unit (ICU) stay,
nd hospital stay. Other clinical studies have shown that
eperfusion injury leads to poor outcomes after lung
ransplantation [2–4]. In the study by King and col-
eagues [1], cardiac dysfunction appeared to play a criti-

ccepted for publication Sept 21, 2004.

ddress reprint requests to Dr Reece, University of Virginia, Department
al role in the hospital course of those patients with
eperfusion injury that died.

Review of reperfusion injury in other organ systems
as demonstrated that reperfusion injury can affect tissue
ther than the tissue experiencing the ischemic insult.
ind limb reperfusion models have shown increased
ulmonary infiltration and hepatic injury. Sorkine and
olleagues [5] found that mesenteric ischemia caused
ncreased pulmonary leukocyte sequestration and pul-

onary vascular leaks. Palazzo and colleagues [6] stud-
ed the effects of unilateral lung ischemia on the opposite
ung in a canine model. They demonstrated “similar, but
ess severe” damage to the nonischemic lung with the

Drs Kron and Linden disclose that they have a finan-

cial relationship with Adenosine Therapeutics, LLC.
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eperfusion injury of the injured lung. Weinbroum and
olleagues [7] demonstrated that hepatic reperfusion
ollowing ischemia can directly induce myocardial and
ulmonary dysfunction. These three examples demon-
trate that the effects of local ischemia and reperfusion
an impair remote organ function presumably through
n inflammatory mechanism.
Adenosine and its analogs have been studied exten-

ively over the past thirty years. One such analog, the
denosine A2A receptor agonist ATL-146e (4-{3-[6-
mino-9-(5-ethylcarbamoyl-3,4-dihydroxy-tetrahydro-
uran-2-yl)-9H-purin-2-yl]-prop-2-ynyl}-cyclo-hexanecarb-
xylic acid methyl ester), has been shown to improve

schemia reperfusion injury in various organs including
ungs, kidneys, and spinal cord [8–10]. Adenosine A2A

eceptors have been found on endothelium and inflamma-
ory cells, such as neutrophils and macrophages. Several

odels of inflammation have demonstrated that activation
f these receptors reduces neutrophil adherence as well as
he release of toxic oxidative metabolites [11, 12]. The
TL-146e appears to reduce the inflammatory processes

nitiated by ischemia and reperfusion [12–14]. It seems
easonable to deduce that by reducing the injury to the
eperfused organ, the remote effects of ischemia-
eperfusion injury should also be reduced.

We hypothesized that warm pulmonary ischemia-
eperfusion (IR) can cause cardiac dysfunction, which can
e attenuated by selective adenosine A2A receptor acti-
ation by ATL-146e. This study was intended to demon-
trate that pulmonary ischemia-reperfusion injury would
dversely affect heart function. After establishing the
njury and the cardiac dysfunction, we used ATL-146e in
n attempt to improve this dysfunction. Further, after
emonstrating a cellular explanation for this dysfunction,
separate experiment tested if a possible mechanism of

his remote injury involves the rapid release of reactive
xygen species from the ischemic lung, presumably from
ctivated neutrophils, and to test if an antioxidant could
roduce similar cardioprotection after reperfusion of the

able 1. Heart Rates, Mean Arterial Pressures, and Central V

Heart Rate Mea

0 min 15 min 30 min

p Value
Within
Group 0 min 15

ham 154 � 5 154 � 5 151 � 4 0.85 38 � 2 3
R 175 � 10a 158 � 7 157 � 7 0.01 42 � 2 3
TL-high 177 � 7a 160 � 8 142 � 12 �0.01 38 � 4 3
TL-low 141 � 3 146 � 6 142 � 6 0.76 35 � 1 4

Between groups: p � 0.10
Time by group interaction: p � 0.004

Betwe
Time by gr

p � 0.001 vs Sham.

eart rate (beats/min), mean arterial pressure (mm Hg), and central ven
ean. The times shown are minutes after the onset of reperfusion. Statis

TL-146e � adenosine A2A receptor agonist; IR � ischemia-reperfus
schemic lung. c
aterial and Methods

xperimental Protocol
e used an in vivo rabbit model of warm pulmonary

schemia-reperfusion injury. The first group of animals
Sham, n � 10) underwent 2 hours of single lung venti-
ation. The second group (IR, n � 10) underwent 90

inutes of ischemia followed by 30 minutes of reperfu-
ion on the single ischemic lung. The third group (ATL-
igh, n � 10) was identical to the IR group except that

hese animals received ATL-146e at 0.04 mg · kg�1 ·
in�1 for the extent of reperfusion starting 10 minutes

efore reperfusion. The fourth group (ATL-low, n � 10)
as the same as ATL-high except that ATL-146e was
iven at 0.01 mg · kg�1 · min�1. These doses were chosen
ased on therapeutic effects of these concentrations in
abbit spinal cord ischemia-reperfusion studies by our
ab [15]. At 5 minute intervals, hemodynamic variables
ncluding central venous pressure, arterial blood gases,
nd heart rate were monitored in addition to arterial
lood gases.

nimals
ew Zealand white rabbits (2.75 to 3.6 kg) were used and

andomly assigned to the experimental groups. Animal
cquisition was under the supervision of the Department
f Comparative Medicine and a licensed veterinarian. All
nimals received humane care in compliance with the
Principles of Laboratory Animal Care” formulated by
he National Society for Medical Research and “The
uide for the Care and Use of Laboratory Animals”
repared by the National Academy of Science and pub-

ished by the National Institutes of Health (National
nstitutes of Health publication 85 to 23, revised 1985).

n Vivo Pulmonary Ischemia-Reperfusion Model
he animals were anesthetized with ketamine (50 mg/kg)
nd xylazine (5 mg/kg). An angiocatheter was placed in
he lateral vein of both ears for delivery of drug and
ntravenous fluids (60 mL/h). The neck vessels and tra-

s Pressures After Reperfusion With ATL-146e

erial Pressure Central Venous Pressure

30 min

p Value
Within
Group 0 min 15 min 30 min

p Value
Within
Group

37 � 3 0.86 8.2 � 0.2 8.2 � 0.2 8.4 � 0.3 0.73
35 � 4 0.01 8.8 � 0.4 8.5 � 0.4 8.6 � 0.4 0.58
32 � 2 0.02 8.7 � 0.6 9.0 � 0.5 9.0 � 0.6 0.50
33 � 1 �0.01 8.8 � 0.4 8.3 � 0.3 8.2 � 0.3 0.10

roups: p � 0.61
nteraction: p � 0.001

Between groups: p � 0.66
Time by group interaction: p � 0.31

ressure (mm Hg) values are expressed as mean � standard error of the
results by analysis of variance are shown in bottom row.
enou

n Art

min

9 � 2
8 � 4
3 � 3
4 � 3
en g
oup i

ous p
tical
hea were accessed through a midline incision. The



t
o
v
A
m
o
d
t
b
C
l
t
(
p
w
5
t
m

m
d
b
c
a
M

r
w
t
f
T
i
t
g
p
b

H
C
p
r
e

L
N
m
f

r
s
o
a
t
s
p
n
6
f
a
f
T
1
v
f
�
p
c
r
n
e
g
d
P
i
m

R

T
o
e
n
w
(
d
b
i

S

S
u
c
a
p

T

S
I
A
A

a

m

A fusion

1191Ann Thorac Surg REECE ET AL
2005;79:1189–95 SECONDARY CARDIAC REPERFUSION INJURY

G
EN

ER
A

L
T

H
O

R
A

C
IC
rachea was isolated with sharp dissection, and a trache-
tomy was performed. The rabbit was connected to a
olume ventilator (Rodent Ventilator Model 683, Harvard
pparatus, Holliston, MA). Tidal volume was set at 15
L with a rate of 25 breaths per minute and an inspired

xygen concentration of 100%. The ventilator settings
uring the ischemic period were manipulated according

o arterial blood gas measurements to maintain pH
etween 7.3 and 7.4 (Chiron/243 pH/Blood Gas Analyzer,
hiron Inc, Corning, NY). The carotid artery was cannu-

ated, and the internal jugular vein was accessed. Both
hese vessels were connected to a pressure monitor
Hewlett-Packard Co, Palo Alto, CA). An esophageal
robe was placed to monitor the heart rate. The rabbit
as then anticoagulated with heparin (Heparin Sulfate,

00 U/kg) and paralyzed (Vecuronium, 0.2 mg/kg). Body
emperature was monitored with a rectal probe and

aintained at normothermia using a heating pad.
A sternotomy was preformed after a midline incision was
ade. Following sternal retraction, the thymus was bluntly

issected away from the pericardium. The pericardium and
ilateral pleura were incised. The aortic root was freed
ircumferentially. An ultrasound flow probe was placed
round the ascending aorta (T106 Small Animal Blood Flow
eter, Transonic Systems, Inc, Ithaca, NY).
For lung isolation, a vascular clamp was placed on the

ight hilum of all animals except the sham. The clamp
as in place for 90 minutes, the ischemic period. After

he ischemic period, the clamp was removed and trans-
erred to the opposite hilum for the extent of reperfusion.
hus, the left ventricle received blood solely from the

schemic lung during reperfusion. The sham group had
he left lung clamped for the entire two hours. Thus, all
roups were maintained on single lung ventilation to
rovide consistency between groups and ensure that
lood was not shunted away from the injured lung.

emodynamic and Pulmonary Variables
ardiac output, mean arterial pressure, central venous
ressure, and arterial blood gases were monitored and
ecorded every 15 minutes for the ischemic period and
very 5 minutes during the reperfusion period.

ung Myeloperoxidase Activity
eutrophil sequestration was assessed by measuring
yeloperoxidase (MPO) activity. Lung tissue was flash

able 2. Arterial Oxygenation After Reperfusion With ATL-1

0 min 5 min 10 min 15 m

ham 294 � 44 281 � 46 285 � 44 293 �

R 243 � 54 189 � 58 189 � 58 159 �

TL-high 235 � 52 192 � 56 172 � 47 140 �

TL-low 308 � 48 197 � 42 180 � 41 158 �

p � 0.029 vs Sham; between groups; p � 0.15; time by group interac
ean � standard error of the mean. Statistical results by analysis of vari

TL-146e � an adenosine A2A receptor agonist; IR � ischemia-reper
rozen in liquid nitrogen following the reperfusion pe- s
iod. The tissue was resuspended in 50 mmol/L potas-
ium phosphate (ph 7.4), then homogenized for 30 sec-
nds at 4°C. The solution was centrifuged for 15 minutes
t 15,000g (Sorvall RC-5b Refrigerated Superspeed Cen-
rifuge, Kendro Laboratory Products, Newton, CT). The
upernatant was discarded before the pellet was resus-
ended in 10 volumes of 0.5% hexadecyltrimethylammo-
ium (HTAB) in 50 mmol/L potassium phosphate (pH
.4). The solution was then homogenized a second time
or 90 seconds at 4°C. The solution underwent sonication
nd three freeze thaw cycles (alternating liquid nitrogen
or 5 minutes and 37°C circulating bath for 5 minutes).
he solution was centrifuged for a second time at
5,000g for 15 minutes, and the supernatant was di-
ided into 1 mL aliquots. The assay buffer was made
rom 10 mg o-diadenosine in 1 mL deionized water, 100
L H2O2, and 8.9 mL of 50 mmol/L potassium phos-
hate (pH 6.0). Aliquots of supernatant (15 �L) were
ombined with assay buffer (135 �L), and incubated at
oom temperature in a 96 well plate. Absorbance at 460
m was measured after 2 minutes by spectrophotom-
try (MRX Revelation Plate Reader, Dynex Technolo-
ies, Inc, Chantilly, VA). Protein concentrations were
etermined for each sample using Coomassie Plus
rotein Assay (BioRad, Hercules, CA). The MPO activ-

ty was expressed as change in absorbance/mg protein/
in (�A460/mg/min).

eperfusion With Antioxidant

o test if secondary cardiac dysfunction could be a result
f the release of reactive oxygen species from the isch-
mic lung, a known antioxidant, N-(2-mercaptopropio-
yl)glycine or MPG, was used in an identical setting as
ith ATL-146e in a separate experiment. The MPG

Sigma, St Louis, MO) was given with reperfusion at a
ose of 0.042 mg · kg�1 · min�1, which this dose has
een shown to reduce cardiac dysfunction from heart

schemia-reperfusion in animal studies [16, 17].

tatistical Analysis

tatistics were performed by an independent statistician
sing repeated measures analysis of variance to make
omparisons between groups, within groups over time,
nd to test for an interaction between group and time. A

value less than 0.05 is considered statistically

20 min 25 min 30 min
p Value

Within Group

288 � 44 290 � 46 308 � 50 0.99
156 � 51 143 � 51 146 � 55a 0.02
160 � 40 175 � 42 180 � 41a 0.11
145 � 33 146 � 34 130 � 23a �0.001

p � 0.09 Arterial oxygenation values (PO2, mm Hg) are expressed as
are shown in bottom row.

.

46e

in

43
50
41
39

tion:
ance
ignificant.
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hysiologic Measurements
one of the mean hemodynamic variables or mean

rterial blood gas variables differed among groups
hroughout the ischemic period. Thus, the results shown
re limited to the reperfusion period.
The heart rates among groups did not differ through-

ut reperfusion except for some small acute variations at
minutes after reperfusion (Table 1). The mean arterial
ressure and the central venous pressure were also not
ifferent among groups throughout reperfusion (Table 1).

rterial Oxygenation
rterial oxygenation (PO2) was used as an indicator of

ung function and injury. The PO2 was consistent among
roups until reperfusion when some dramatic changes
ccurred (see Table 2). At the onset of reperfusion, PO2

as not significantly different among any of the groups.
owever, PO2 in IR, ATL-high, and ATL-low groups
ere all lower than Sham at 5 minutes of reperfusion and

t every time point after that (Table 2). The PO2 in the IR
nd ATL-low groups was significantly reduced after 30

ig 1. Cardiac output (CO, mL/min) during reperfusion with ATL-
46e (an adenosine A2A receptor agonist). The CO in the IR, ATL-
ow, and ATL-high groups significantly dropped at 1 minute of
eperfusion compared to Sham (#p� 0.005). By 15 minutes the
TL-high group had a sustained recovery to levels significantly
igher than IR (*p � 0.011), and remained significantly higher than
R thereafter. The CO in ATL-low remained at levels intermediate
etween IR and ATL-high. See Table 3 for detailed data. Œ �
ham; � � ischemic-reperfusion (IR); ‚ � ATL-high; Œ �

able 3. Cardiac Output After Reperfusion With ATL-146e

0 min 1 min 5 min 10 min

ham 126 � 10 128 � 10 124 � 10 122 � 8.9
R 126 � 7.1 92 � 7.5a 88 � 7.9a 83 � 7.8a

TL-high 130 � 7.3 98 � 7.2a 105 � 5.3 102 � 5.4
TL-low 121 � 17 86 � 7.7a 94 � 8.0a 96 � 8.3

p � 0.02 vs Sham; b p � 0.05 vs IR; between groups: p � 0.01; time b
s mean � standard error of the mean. Statistical results by analysis of v

TL-146e � an adenosine A2A receptor agonist; IR � ischemia-reper
TL-low. A
inutes reperfusion, indicative of declining lung func-
ion in this model of ischemia-reperfusion. In addition,
he PO2 was similar between IR, ATL-high, and ATL-low
roups, indicating that ATL-146e did not improve lung
unction during this 30 minute time period. Note that the

ean PO2 of all animals remained supraphysiologic with
raction of inspired oxygen (Fio2) of 100%.

ardiac Output
he mean cardiac output (CO) in all groups was similar
ntil reperfusion. One minute after reperfusion, the CO
ignificantly dropped in the IR and ATL groups while CO
emained relatively constant in the Sham group (Table 3
nd Fig 1). At 15 minutes of reperfusion, CO in the
TL-high group had recovered to a level similar to Sham,
f which both were significantly better than IR. By the
nd of the reperfusion period, CO was nearly identical
etween ATL-high and Sham, which were both signifi-
antly better than IR (Table 3 and Fig 1). The CO in Sham
emained significantly better than IR throughout reper-
usion. The CO in the ATL-low group dropped signifi-

ig 2. Myeloperoxidase (MPO) activity in lungs after reperfusion
ith ATL-146e (an adenosine A2A receptor agonist). Pulmonary
PO activity was higher in ischemia-reperfusion (IR) versus Sham

p � 0.57), which indicates sequestration of neutrophils in the lung
fter 30 minutes reperfusion. Importantly, ATL-146e significantly
educed MPO activity in the ATL-high group compared to IR (*p �
.049), and reduced MPO activity to an intermediate level in the

min 20 min 25 min 30 min
p Value

Within Group

� 8.3b 115 � 6.6b 115 � 6.6b 112 � 5.8b 0.11
� 6.7 87 � 7.0 87 � 20 86 � 6.4 �0.001
� 4.3b 107 � 4.4b 107 � 3.8b 112 � 3.2b �0.001
� 8.3 94 � 9.3 95 � 6.2 93 � 9.3 �0.001

up interaction: p � 0.004 Cardiac output values (mL/min) are expressed
ce are shown in bottom row.

.

15

120
86

107
97

y gro
arian
TL-low group.
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antly compared to Sham with initial reperfusion, then
emained at intermediate levels between Sham and ATL-
igh groups, but without showing any statistically signif-

cant difference from either.

yeloperoxidase Activity
t the end of reperfusion, MPO activity was elevated in

R lungs compared to Sham (Fig 2), indicative of neutro-
hil sequestration. Importantly, ATL-146e significantly
educed MPO activity at the high dose (Fig 2), and
educed it to an intermediate level at the low dose.

ntioxidant and Cardiac Dysfunction
o test if a possible mechanism of cardiac dysfunction
econdary to lung ischemia-reperfusion involved the
elease of oxidants (reactive oxygen species) from the
ung, we utilized a known antioxidant, MPG, in a sepa-
ate experiment. Here, using the same protocol as with
TL-146e above, MPG was administered during reper-

usion of the lung. Similar to that observed with ATL-
46e above, MPG did not induce any differences in heart
ate, central venous pressure, or mean arterial pressure
efore or after reperfusion (data not shown). In addition,
PG did not improve lung function during reperfusion

s indicated by no significant increases in PO2 in the
PG group versus the IR (Table 4). Here, both MPG and

R groups displayed significantly reduced PO2 compared
o Sham at all reperfusion times, indicative of lung
ysfunction in this in vivo model of ischemia-reperfusion

njury. In addition, while MPO activity was significantly
ncreased in the lung after IR, it was not lowered by MPG
data not shown).

In contrast to ATL-146e, which took 15 minutes reper-
usion to significantly improve CO, MPG offered signifi-
ant improvement in CO after only 1 minute reperfusion
nd throughout the entire 30 minutes reperfusion period
Table 5, Fig 3). In fact, MPG resulted in slightly, but not
ignificantly, higher CO than the Sham group.

omment

his study demonstrates that reperfusion after warm
ulmonary ischemia affects not only the ischemic lung

unction, but also affects the heart receiving the effluent
rom the damaged lung. Lung injury was clearly demon-
trated by significant reduction in arterial oxygenation
ith isolated ventilation and perfusion of the ischemic

able 4. Arterial Oxygenation After Reperfusion With MPG

0 min 5 min 10 min 15 mi

ham 457 � 31a 430 � 30a 431 � 27a 430 � 2
R 308 � 49 259 � 50 232 � 35 207 � 3

PG 340 � 60 295 � 56 263 � 60 263 � 6

p � 0.001 vs IR and MPG; between groups: p � 0.001; time by group inte
ean � standard error of the mean. Statistical results by analysis of vari

R � ischemia-reperfusion; MPG � N-(2-mercaptopropionyl) glycine
ung. Additionally, MPO activity suggested that neutro- c
hils were accumulating in the lungs of the IR group. The
eduction MPO activity by the ATL-high group suggests
hat ATL-146e inhibits the neutrophil sequestration in
he lung during ischemia-reperfusion injury. Although
eart and lung histology was compared, no differences
mong groups were demonstrated at this early time
oint.
The cardiac output was impaired in both the IR and the
TL groups immediately after reperfusion. It did, how-
ver, recover in the ATL-high group to levels similar to
ham levels within 15 minutes of reperfusion. No differ-
nces were found among any of the groups in other
eterminants of cardiac performance including preload,
fterload, or heart rate. Despite significant differences in
he arterial oxygenation between the ATL-high and IR
roups, the mean PO2 was supraphysiologic and, there-
ore, unlikely to play a role in reducing cardiac function.
he cardiac output in the IR animals appears to decline
econdary to impaired contractility. This direct cardiac
ysfunction thus appeared to be secondary to the effluent

rom the injured lung and was improved by ATL-146e
reatment (ATL-high) after several minutes of continuous
herapy.

Other studies have shown encouraging results with
TL-146e at doses that ranged from 0.01 to 0.06 �g · kg�1

min�1 [8, 12, 18]. We found that 0.04 �g · kg�1 · min�1

educed the resultant pulmonary injury and the second-
ry cardiac dysfunction. We were not able to demon-
trate any appreciable statistical difference compared to
R with the smaller dose of 0.01 �g · kg�1 · min�1.

The cardiac dysfunction immediately followed reper-
usion. The literature on reperfusion injury of the heart,
iver, and limb has implicated several different sub-
tances in affecting the normal function of the heart. The
umor necrosis factor-alpha (TNF-�), reactive oxygen
pecies, endothelin, and interleukin-1, among others,
ave all been shown to be produced after reperfusion of
n ischemic lung [19–25]. The fact that these substances
re released from ischemic lungs does not prove their
ole in the secondary cardiac dysfunction. However,
hese same substances have been implicated in the
ecompensation of cardiac function after reperfusion of

he ischemic heart [26–34]. Together or independently,
hese substances have the potential to lead to the second-
ry effects we have seen in this study. Other factors yet to
e defined could also have a role.
Reactive oxygen species appear particularly suited to

20 min 25 min 30 min
p Value

Within Group

447 � 24a 407 � 21a 441 � 24a 0.662
197 � 25 147 � 18 197 � 24 �0.001
258 � 60 248 � 61 265 � 68 �0.001

n: p � 0.001 Arterial oxygenation values (PO2, mm Hg) are expressed as
are shown in bottom row.
n

4a

5
1

ractio
ance
ause the immediate remote injury found in this study.
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eactive oxygen species have both significant production
n ischemic lungs and the potential to cause contractile
ysfunction in the heart. Weinbroum and colleagues [7]
howed that the effluent from reperfusion of the ischemic
iver led to impaired cardiac contractility. Specifically,
hey found that the contractility fell to 70% of baseline.
hey felt that this dysfunction was secondary to the
elease of reactive oxygen species in the ischemic effluent
ince the dysfunction mirrored the increase in the con-
entrations of lactate dehydrogenase, uric acid, and xan-
hine oxidase. Leukocytes, especially neutrophils, ac-
ount for a great majority of the released reactive oxygen
pecies in reperfusion injury. Ischemic parenchyma and
ndothelium can produce some reactive oxygen species
uring ischemia, but this production was minimal com-
ared to the production of reactive oxygen species from
eutrophils. Importantly, adenosine A2A receptor activa-

ion has been shown to decrease neutrophil oxidative
ctivity that may be responsible for the release of reactive
xygen species in ischemia-reperfusion injury [11].
In an effort to further define the mechanism of heart

ysfunction in lung ischemia-reperfusion injury, a separate
xperiment confirmed that a scavenger of reactive oxygen
pecies, MPG, can ameliorate this secondary cardiac dys-
unction. The results with MPG did not affect early lung

ig 3. Cardiac output (CO, mL/min) during reperfusion with MPG.
he CO was significantly reduced in the IR group beginning 1
inute after reperfusion and thereafter compared to the Sham, dem-

nstrating cardiac dysfunction secondary to lung ischemia-reperfu-
ion. Interestingly, MPG rapidly and significantly improved CO
ompared to IR starting at 1 minute reperfusion (*p � 0.012), and
his level of protection was maintained throughout reperfusion
here CO remained at or above Sham levels with MPG treatment.
ee Table 5 for detailed data. Œ � Sham; � � ischemia-reperfusion

able 5. Cardiac Output After Reperfusion With MPG

0 min 1 min 5 min 10 min

ham 137 � 6.8 138 � 9.5 139 � 7.2 133 � 7.5 13
R 148 � 7.7 106 � 6.8a 107 � 6.0a 112 � 6.3a 10

PG 149 � 12 136 � 14 144 � 14 143 � 14 14

p � 0.05 vs all; between groups: p � 0.05; time by group interaction: p �
f the mean. Statistical results by analysis of variance are shown in botto

R � ischemia-reperfusion; MPG � N-(2-mercaptopropionyl) glycine
T
IR); ‚ � N-(2-mercaptopropionyl)glycine (MPG).
eperfusion injury evident by PO2 and MPO levels similar
o IR. However, MPG did preserve cardiac output during
ulmonary reperfusion, even after only 1 minute reperfu-
ion. Thus, the use of an antioxidant can reduce cardiac
ysfunction from lung ischemia-reperfusion. Even though

he conclusions are consistent between the MPG and ATL
xperiments, the PO2 and CO values are not comparable
etween the separate studies using different animals at
ifferent times. These differences, however, do not impact

he conclusions based on these results
Understanding the role of reactive oxygen species in

his injury strengthens our theory that inflammatory
nhibition by ATL-146e ameliorates cardiac dysfunction
ver time. In this study, we found that immediately upon
eperfusion both the ATL groups and the IR groups
xperienced impaired cardiac performance. Then, as the
rug was able to interact with the previously ischemic
ompartment and the cells that had been trapped in it,
he dysfunction was lessened until it was no longer
erceptible. We believe that ATL-146e inactivates the

nflammatory cells, notably neutrophils, and thereby
essens the release of reactive oxygen species, or other
ffectors, that can directly and immediately cause im-
aired cardiac contractility.
This study demonstrates that secondary or remote

ardiac injury does occur with reperfusion of the warm
schemic lung. The secondary dysfunction found in the
eart is immediate, implying that the effector is re-

eased from the ischemic lung immediately upon
eperfusion. This dysfunction can be attenuated with
elective adenosine A2A receptor activation by ATL-
46e. Although the exact mechanism is not clear, the
uick reversal of dysfunction by MPG supports a
echanism involving the release of oxidants from the

schemic lung upon reperfusion, which immediately
nd negatively impacts heart function. In conclusion,
he use of the adenosine A2A receptor agonist, ATL-
46e, not only reduces the injury of reperfused lung,
ut also reduces remote effects on the heart that may
dd to the morbidity of pulmonary transplant patients
ith ischemia-reperfusion injury.

e would like to acknowledge the invaluable assistance of Tony
erring, Cindy Dodson, and Sheila Hammond on this project

nd Mark R. Conaway, PhD, for statistical analysis of this study.
his study was funded by the American Heart Association Grant
o. 0250222N and National Institutes of Health Grant No.

in 20 min 25 min 30 min
p Value

Within Group

.5 127 � 7.9 127 � 7.5 128 � 7.0 0.10

.2a 103 � 6.8a 101 � 7.5a 100 � 7.7a �0.001
2 143 � 12 143 � 12 139 � 11 0.43

Cardiac output values (mL/min) are expressed as mean � standard error
w.
15 m

1 � 7
9 � 6
2 � 1

0.001
m ro
32HL07849–04.
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