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ABSTRACT

Adenosine is increased in ischemic tissues where it serves a
protective role by activating adenosine receptors (ARs), includ-
ing the A; AR subtype. We investigated the effect of N-{2-[(3,4-
dichlorophenyl)amino]quinolin-4-yl}cyclohexanecarboxamide
(LUF6096), a positive allosteric modulator of the A; AR, on
infarct size in a barbital-anesthetized dog model of myocardial
ischemia/reperfusion injury. Dogs were subjected to 60 min of
coronary artery occlusion and 3 h of reperfusion. Infarct size
was assessed by macrohistochemical staining. Three experi-
mental groups were included in the study. Groups | and II
received two doses of vehicle or LUF6096 (0.5 mg/kg i.v. bo-
lus), one administered before ischemia and the other immedi-
ately before reperfusion. Group Il received a single dose of
LUF6096 (1 mg/kg i.v. bolus) immediately before reperfusion. In
preliminary in vitro studies, LUF6096 was found to exert potent

enhancing activity (EC5o 114.3 = 15.9 nM) with the canine A;
AR in a guanosine 5'-[y-[*°S]thio]triphosphate binding assay.
LUF6096 increased the maximal efficacy of the partial A; AR
agonist 2-chloro-N®-(3-iodobenzyl)adenosine-5'-N-methylcar-
boxamide and the native agonist adenosine more than 2-fold
while producing a slight decrease in potency. In the dog stud-
ies, administration of LUF6096 had no effect on any hemody-
namic parameter measured. Pretreatment with LUF6096 before
coronary occlusion and during reperfusion in group Il dogs
produced a marked reduction in infarct size (~50% reduction)
compared with group | vehicle-treated dogs. An equivalent
reduction in infarct size was observed when LUF6096 was
administered immediately before reperfusion in group Il dogs.
This is the first study to demonstrate efficacy of an A; AR
allosteric enhancer in an in vivo model of infarction.

Introduction

Allosteric modulators of G protein-coupled receptors
(GPCRs) are ligands that interact with a binding site on the
receptor that is topologically distinct from the orthosteric site
to which the native ligand binds (Gao and Jacobson, 2006;
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May et al., 2007; Goblyos and IJzerman, 2011). Binding of an
allosteric ligand causes a conformational change that influ-
ences the behavior of the receptor in response to its or-
thosteric ligand. Allosteric modulators can increase [positive
allosteric modulator (PAM)] or decrease (negative allosteric
modulator) the pharmacological response of orthosteric li-
gands by modifying their binding affinity and/or their effi-
cacy. Currently, there is great interest in the development of
allosteric enhancers of GPCRs, because it is envisioned they
will provide therapeutic advantages over conventional or-
thosteric agonists (Gao and Jacobson, 2006; May et al., 2007;
Goblyos and IJzerman, 2011). For instance, PAMs as thera-

ABBREVIATIONS: GPCR, G protein-coupled receptor; AAR, area at risk; ADA, adenosine deaminase; AR, adenosine receptor; [*H]CGS 21680,
2-[p-(2-carboxyethyl)phenethylamino]-5’-N-[*H]ethylcarboxamidoadenosine; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fonate; CI-IB-MECA, 2-chloro-N°-(3-iodobenzyl)adenosine-5'-N-methylcarboxamide; CP532,903, (2S,3S,4R,5R)-3-amino-5-[6-(2,5-dichloroben-
zylamino)purin-9-yl]-4-hydroxytetrahydrofuran-2-carboxylic acid methylamide; DU124183, 1H-imidazo[4,5-c]quinolin-4-amine; [3*S]GTPyS,
guanosine 5'-[y-[**S]thio]triphosphate; HEK, human embryonic kidney; ['2°[]l-AB-MECA, N®-(4-amino-3-['?®lliodobenzyl)adenosine-5'-N-methyl-
carboxamide; LAD, left anterior descending; LC-MS, liquid chromatography-mass spectroscopy; LUF6000, N-(3,4-dichlorophenyl)-2-cyclohexyl-
1H-imidazo[4,5-c]quinolin-4-amine); LUF6096, N- {2-[(3,4-dichlorophenyl)amino]quinolin-4-yl}cyclohexanecarboxamide; NECA, adenosine-5'-N-
ethylcarboxamide; PAM, positive allosteric modulator; PSB-603, 8-[4-[4-(4-chlorophenyl)piperazide-1-sulfonyl)phenyl]]-1-propylxanthine.
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peutic agents are predicted to produce a better clinical re-
sponse with fewer side effects, because they modulate re-
sponses to an endogenous ligand in tissues in a spatially and
temporally specific manner rather than producing wide-
spread, persistent receptor activation. Benzodiazepines such
as diazepam are a good example of the clinical advantage
provided by pharmacological allosterism. These agents,
which act as allosteric enhancers of the ion channel-coupled
y-aminobutyric acid type A receptor, are widely used to treat
disorders of the central nervous system, including anxiety
and insomnia. In contrast, direct-acting y-aminobutyric acid
type A agonists have proven to be much less useful in part
because of their potential to produce undesirable side effects.
Cinacalcet is the first allosteric modulator of a GPCR to be
approved for clinical use. This agent effectively treats certain
forms of hyperparathyroidism and functions by allosterically
modulating the Ca®*-sensing receptor involved in parathy-
roid hormone release.

Allosteric enhancers for the A; adenosine receptor (AR) sub-
type have been identified and characterized, including the imi-
dazoquinolinamine derivative N-(3,4-dichlorophenyl)-2-cyclo-
hexyl-1H-imidazo[4,5-c]quinolin-4-amine (LUF6000) and the
2,4-di-substituted quinoline derivative N-{2-[(3,4-dichlorophe-
nyl)amino]quinolin-4-yl}cyclohexanecarboxamide (LUF6096)
(Gao et al., 2001, 2002, 2008, 2011; Goblyos et al., 2006; Heit-
man et al., 2009; Kim et al., 2009). These modulators increase
the maximal efficacy of orthosteric agonists with the human A,
AR heterologously expressed in Chinese hamster ovary cells, in
some assays by more than 2-fold. Unlike other related A; AR
modulators that have been characterized [i.e., 1H-imidazo[4,5-
cJquinolin-4-amine (DU124183), in an earlier generation of imi-
dazoquinolinamine series], LUF6000 and LUF6096 increase
the maximal efficacy of orthosteric ligands without decreasing
potency (Goblyos et al., 2006; Gao et al., 2008, 2011; Heitman et
al., 2009; Kim et al., 2009; Goblyos and IJzerman, 2011).
LUF6096, which is structurally similar to LUF6000, differing
only by opening of the imidazoquinolinamine heterocyclic ring
system to leave an amide bridge in place of the imidazole ring
(Fig. 1), provides greater A; AR selectivity versus the A; AR in
terms of enhancing activity and exhibits almost negligible or-
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Fig. 1. Chemical structures of the PAMs of the A; AR, LUF6000 (left) and
LUF6096 (right). The arrow points to the bond deleted in LUF6000 that
led to LUF6096.
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thosteric effects on A;, A,,, and A; ARs (Heitman et al., 2009;
Goblyos and IJzerman, 2011).

The production of adenosine is increased substantially in
tissues under ischemic conditions because of the breakdown
of ATP where it is well known to provide cytoprotection and
promote tissue repair via a variety of mechanisms involving
all four AR subtypes, including the A; AR (Ely and Berne,
1992; Auchampach and Bolli, 1999; Headrick and Lasley,
2009). Local enhancement during ischemia/reperfusion in-
jury using an A; AR PAM may be an effective means to
magnify the protective actions of adenosine and further min-
imize tissue injury. In the present study, we have examined
whether administration of LUF6096 provides protection
against myocardial ischemia/reperfusion injury by using a
well established in vivo dog model of infarction (Gross and
Auchampach, 1992; Mizumura et al., 1996; Auchampach et
al., 2003).

Materials and Methods

Materials. Cell culture reagents were purchased from Invitrogen
(Carlsbad, CA). Guanosine 5'-[y-[**S]thio]triphosphate ([>*S]GTPyS);
specific activity 1250 Ci/mmol), 2-[p-(2-carboxyethyl)phenethylamino]-
5'-N-[*H]ethylcarboxamidoadenosine ([*H]CGS 21680; 40.5 Ci/mmol),
Na'?’T (2200 Ci/mmol), and carbonized plastic **Ce-radiolabeled mi-
crospheres (15 pm diameter) were from PerkinElmer Life and Analyt-
ical Sciences (Waltham, MA). LUF6096 was synthesized in house.
Adenosine deaminase (ADA) was obtained from Roche Applied Science
(Indianapolis, IN), and all remaining drugs and reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO). C18 Bond Elute SPE car-
tridges (6 ml, 500 mg) were obtained from Varian, Inc. (Palo Alto, CA),
and glass fiber filters (GF/B and GF/C) were obtained from Whatman
(Sanford, ME).

Animals. Adult mongrel dogs of either sex weighing 15 to 25 kg
were obtained from licensed vendors. All experiments involving an-
imals were approved by the Institutional Animal Care and Use
Committee at the Medical College of Wisconsin and complied with
the procedures established by the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, 1996).

Cell Culture and Membrane Preparation. Human embryonic
kidney (HEK) 293 cells stably expressing recombinant dog ARs were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal bovine serum, 100 units/ml penicillin, 100 mg/ml
streptomycin, and 400 pg/ml G418 at 37°C in a humidified environ-
ment consisting of room air containing 5% CO, (Auchampach et al.,
1997a).

To prepare cell membranes, HEK 293 cells expressing ARs were
washed in phosphate-buffered saline followed by homogenization in
50 mM Tris-HCI buffer, pH 7.4 containing 1 mM EDTA and 5 mM
MgCl,, and then centrifuged at 27,000g for 30 min at 4°C. Cell pellets
were washed twice in the same buffer after which the resultant
pellets were resuspended in 50 mM Tris-HCI buffer containing 10%
sucrose and stored at —80°C.

[3*SIGTPyS Binding Assays. [*°S]GTPyS binding was mea-
sured in 200 pl of buffer containing 50 mM Tris-HCI, pH 7.4, 1 mM
EGTA, 10 mM MgCl,, 1 uM GDP, 1 mM dithiothreitol, 100 mM
NaCl, 3 U/ml ADA, 0.2 nM [3°S]GTPvS, 300 nM 8-[4-[4-(4-chlorophe-
nyl)piperazide-1-sulfonyl)phenyl]]-1-propylxanthine (PSB-603) to
block Ayp ARs expressed endogenously in HEK 293 cells (Gao et al.,
1999), 0.005% CHAPS, and 0.5% bovine serum albumin (Gao et al.,
2008). Incubations were started by the addition of the membrane
suspension (5 pg of protein) to the test tubes and carried out in
quadruplicate for 2 h at 25°C. The reactions were stopped by rapid
filtration through Whatman GF/B filters presoaked in 50 mM Tris-
HCI buffer, pH 7.4 containing 5 mM MgCl, and 0.02% CHAPS. The
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filters were washed three times with 3 ml of wash buffer (10 mM
Tris-HCI and 1 mM MgCl,, pH 7.4), and radioactivity trapped in the
filters was measured by liquid scintillation counting. Nonspecific
binding of [®**S]GTPyS was measured in the presence of 10 pM
unlabeled GTPyS.

Equilibrium Radioligand Binding Assays. Membranes pre-
pared from HEK 293 cells expressing ARs were incubated with
radioligands in 100 pl of binding buffer consisting of 50 mM Tris-
HCl, pH 7.4, 1 mM EDTA, 10 mM MgCl,, and 3 units/ml ADA (except
where indicated). After incubation at 25°C for 2 to 3 h, bound and
free radioligand were separated by rapid filtration through GF/C
glass fiber filters. Radioactivity trapped in the filters was measured
by using a y-counter. Nonspecific binding was determined in the pres-
ence of 200 pM adenosine-5'-N-ethylcarboxamide. N°®-(4-amino-3-
[2*TJiodobenzyl)adenosine-5'-N-methylcarboxamide ([*2°I]I-AB-MECA)
was used in assays with the A; and A; ARs, and [PH|CGS 21680 was
used in assays with A,, ARs. ['?°I]I-AB-MECA was prepared by
radioiodination of precursor AB-MECA using the chloramine-T
method and purified by high-performance liquid chromatography
(Auchampach et al., 1997a).

Anesthetized Dog Model of Infarction. An established barbi-
tal-anesthetized, open-chest dog model of infarction was used as
described previously in detail (Gross and Auchampach, 1992; Mizu-
mura et al., 1996; Auchampach et al., 2003). Dogs were randomly
assigned to three experimental groups and subjected to the experi-
mental protocols depicted in Fig. 2. All dogs were subjected to 60 min
of left anterior descending (LAD) coronary artery occlusion and 3 h of
reperfusion. Dogs in experimental groups I and II received two doses
of either vehicle (1 ml of 50% dimethyl sulfoxide in normal saline) or
LUF6096 (0.5 mg/kg i.v. bolus), respectively. The first dose was given
10 min before coronary occlusion, and the second dose was given 5
min before reperfusion. Dogs in experimental group III received a
single dose of LUF6096 (1 mg/kg i.v. bolus) 5 min before reperfusion.
In all experimental groups, hemodynamic measurements (systemic
arterial pressure and left ventricular pressure) were collected before
occlusion, at 30 min of occlusion, and every hour after reperfusion via
a double-tipped Millar pressure transducer catheter placed into the
left ventricular cavity by way of the left carotid artery. LAD coronary
artery blood flow was continually measured by using a flow probe,
and regional myocardial blood flow was measured at 30 min into the
60-min occlusion period by the radioactive microsphere technique to
assess collateral blood flow (Gross and Auchampach, 1992; Mizu-
mura et al., 1996; Auchampach et al., 2003). Throughout the isch-
emia/reperfusion experiments, heart rate was maintained at 150
beats/min by left atrial pacing.

After 3 h of reperfusion, the anatomic area at risk (AAR) and the
nonischemic area were demarcated by staining with Evan’s blue dye
(Gross and Auchampach, 1992; Auchampach et al., 2003). The hearts
were electrically fibrillated, removed, and prepared for infarct size
determination by using triphenyltetrazolium chloride staining and

regional myocardial blood flow measurements (Gross and Aucham-
pach, 1992; Auchampach et al., 2003). Infarcted and noninfarcted
tissues within the AAR were separated and determined gravimetri-
cally (Gross and Auchampach, 1992; Mizumura et al., 1996; Aucham-
pach et al., 2003). Regional myocardial blood flow was assessed in
the subendocardial, midmyocardial, and epicardial regions of the
ischemic and nonischemic regions (Gross and Auchampach, 1992;
Mizumura et al., 1996; Auchampach et al., 2003). Dogs were ex-
cluded from the study if subendocardial collateral blood flow was
>0.15 ml/min/g or more than three consecutive attempts were re-
quired to convert ventricular fibrillation with low-energy direct cur-
rent pulses (Gross and Auchampach, 1992; Mizumura et al., 1996;
Auchampach et al., 2003).

Measurement of LUF6096 Plasma Concentrations by Liqg-
uid Chromatography-Mass Spectrometry. Blood was collected
into heparinized tubes from the femoral vein in dogs from experi-
mental group III at the times indicated in Fig. 2. The blood samples
were immediately centrifuged (1000g for 10 min at 4°C), and the
plasma was stored at —80°C until assayed by LC-MS. Samples
collected at each time point from all of the dogs in group III were
pooled and assayed in triplicate.

Before analysis, the samples were subjected to a solid-phase ex-
traction procedure as follows. LUF6093 (80 ng), a structural homolog
of LUF6096 (see Fig. 3), was added into each plasma sample (1 ml)
as an internal standard to normalize for sample recovery. After the
addition of ethanol (333 pl) and glacial acetic acid (20 pl), the plasma
samples were centrifuged (1000g for 10 min at 4°C), and the super-
natant was applied to a C18 Bond Elute SPE cartridge that had been
preconditioned with 5 ml of ethanol and 15 ml of deionized water.
The cartridges were subsequently washed with 5 X 5 ml of deionized
water after which the retained material was eluted with 6 ml of ethyl
acetate. The column eluate was dried under a stream of nitrogen,
redissolved in 400 pl of 100% acetonitrile, and transferred to a
sample vial for LC-MS analyses. Calibration standards were pre-
pared by dissolving 200 pg/pl of LUF6093 and increasing concentra-
tions of LUF6096 in 100% acetonitrile. The standard curve consisted
of seven concentrations of LUF6096 ranging from 20 to 2000 pg/ul
(Fig. 3).

The measurements were carried out with a Waters (Milford, MA)
liquid chromatograph-electrospray Micromass Quattro triple quad-
rupole mass spectrometer. The samples were separated on a reverse-
phase C18 column (Kromasil 2.0 X 250 mm, 5 pm; Phenomenex,
Torrance, CA) using a water-acetonitrile (containing 0.1% formic
acid) mobile phase with a linear gradient of 50 to 80% acetonitrile
over 30 min at a flow rate of 0.2 ml/min. Under these conditions, the
retention times of LUF6096 and LUF6093 were ~19 and ~12 min,
respectively (Fig. 3). Positive ion electrospray conditions and the
single ion recording mode were used for the analyses where mass-
to-charge ratios (m/z) of 414 and 386 were used for the two com-
pounds (Fig. 3).

Fig. 2. Schematic illustration of the experimental proto-

cols. The arrows to the right in the protocol for group III
indicate the time after drug administration that blood sam-
ples were collected from the femoral vein for determination
of the plasma concentration of LUF6096.
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Fig. 3. Measurement of LUF6096 plasma levels by LC-MS. A, chromato-
gram showing the retention times of LUF6096 and the internal standard
LUF6093 after separation by high-performance liquid chromatography
and detection by MS. B, mass spectra of LUF6093 and LUF6096. The
arrows point to strong (M + H) signals at 414.01 for LUF6096 and 385.99
for LUF6093. C, calibration curve used to calculate the plasma levels of
LUF6096.

Data and Statistical Analyses. All values are presented as the
mean * S.E.M. For the [**S]GTPyS assays, EC;, and E,,,, values
were calculated by fitting the data to E = (E, ,, X x)/(ECy, + x), in
which x is the concentration of the test compound. In the dog infarc-
tion studies, hemodynamic variables were analyzed by two-way re-
peated-measures analysis of variance. If global tests showed a main
effect, post hoc contrasts between time points or treatments were
performed with Student’s ¢ test for unpaired or paired data, as
appropriate, with the Bonferroni correction. Infarct sizes and AAR
sizes were compared by using a one-way analysis of variance fol-
lowed by Student’s ¢ test for unpaired data. Linear regression anal-
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ysis was used to compare the relationship between infarct size and
regional collateral blood flow in the different experimental groups.
Pharmacokinetic parameters of LUF6096 [rate constant (k) and half-
life (¢,/,)] were calculated by fitting the data to: y = span X e #* ** +
plateau, in which x is the concentration of LUF6096 in plasma. The ¢,,,
was obtained from 0.693/k.

Results

Characterization of the Modulatory Activity of
LUF6096 with the Canine A; AR. Because the activity of
A; AR allosteric modulators has been assessed only with
respect to the human A; AR (Gao et al., 2001, 2002, 2008,
2011; Goblyos et al., 2006; Heitman et al., 2009; Kim et al.,
2009), we conducted preliminary assays to characterize the
modulatory actions of LUF6096 on the canine A; AR by using
stably transfected HEK 293 cells and a [*’S]GTPyS binding
assay (Gao et al., 2008), which directly reflects receptor-
mediated activation of G proteins. Similar to previous reports
with the human A; AR (Heitman et al., 2009; Goblyos and
IJzerman, 2011), we found that LUF6096 produced substan-
tial enhancing activity with the canine A; AR (Fig. 4).
LUF6096 enhanced the maximal efficacy of the partial ago-
nist 2-chloro-N°-(3-iodobenzyl)adenosine-5'-N-methylcarbox-
amide (CI-IB-MECA,; Fig. 4, A and B) more than 2.5-fold. The
enhancing activity was concentration-dependent, producing
a detectable effect at 30 nM and a maximal effect between 0.3
and 1 pM (EC;,114.3 = 15.9 nM; Fig. 4A). At a concentration
of 10 uM, LUF6096 only slightly reduced the potency of
Cl-IB-MECA to stimulate [>*°S]GTPyS binding (56.1 = 27.0
versus 106.0 = 19.7 nM; P < 0.05; Fig. 4B). LUF6096 also
enhanced [**S]GTP~vS binding in assays using adenosine as
the agonist, demonstrating it is a PAM of the native ligand of
the A; AR (Fig. 4C). At a concentration of 10 uM, LUF6096
increased the E, ., of adenosine from ~30% of baseline ac-
tivity to more than 80% of baseline (2.7-fold increase) and
increased the ECy, from 2.1 = 0.7 to 41.0 = 16.4 pM.

LUF6096 was further tested in equilibrium displacement
assays performed with HEK 293 cell membranes expressing
canine ARs and the orthosteric agonist radioligands [*2°I]I-
AB-MECA (A, and A; ARs) and [PH]CGS21680 (A,, ARs). In
assays with the canine A; and A,, ARs, LUF6096 produced
negligible displacement of specific binding at a concentration
as high as 100 pM, whereas it significantly reduced specific
binding in assays with the canine A; AR by ~70% (Fig. 5).
Displacement of binding to the dog A; AR by LUF6096 oc-
curred within the same concentration range (0.1-10 uM) that
also increased efficacy in the [®*S]GTPyS binding assays
(EC5o ~0.11 pM; Fig. 4).

Treatment with LUF6096 Protects against Ischemia/
Reperfusion Injury. The dog ischemia/reperfusion experi-
ments were designed to determine whether LUF6096 poten-
tially protects against infarction by reducing injury that
occurs during ischemia or reducing reperfusion-mediated in-
jury by altering the timing of drug administration (Fig. 2). A
total of 25 dogs were initially included in the study. One dog
was excluded from the vehicle-treated group (group I) be-
cause of intractable ventricular fibrillation that developed
after release of the occlusion, and one dog was excluded from
an LUF6096-treated group (group II) because of high collat-
eral blood flow. Thus, a total of 23 dogs were included in the
data analyses.
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Fig. 4. Effect of LUF6096 on [**S]GTPyS binding in assays with the
canine A; AR. Incubations were started by the addition of the membrane
suspension (5 pug of protein) as described under Materials and Methods
and carried out in quadruplicate for 2 h at 25°C. The membrane solutions
were preincubated with LUF6096 for 30 min at 25°C before the addition
of ~0.1 nM [?**S]GTPyS. A, the effect of increasing concentrations of
LUF6096 on [**S]GTP+S binding in response to a maximal concentration
of CI-IB-MECA (10~ °> M) (n = 9). B, stimulation of [**SIGTPyS binding by
increasing concentrations of CI-IB-MECA in the absence (control) or
presence of LUF6096 (10 pM) (n = 6). C, stimulation of [**S]GTPyS
binding in response to increasing concentrations of adenosine in the
absence (control) or presence of LUF6096 (10 pM) (n = 5).

Figure 6 summarizes the infarct size data. It was found
that infarct size expressed as a percentage of the AAR was
significantly smaller in groups II and III that were treated
with LUF6096 compared with the vehicle-treated control
group (Fig. 6B). Infarct size expressed as a percentage of the
left ventricle was also significantly smaller in the LUF6096-
treated groups (group II, 3.8 = 0.5%; group III, 3.9 = 0.5%)
than in the vehicle-treated group (group I, 7.2 * 0.7%). Re-
markably, the reduction in infarct size was equivalent in
magnitude (~50%) in group III dogs treated with LUF6096
when it was administered only during the reperfusion phase
of the study compared with group II dogs given two doses of
LUF6096. Among the treatment groups, there were no dif-
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Fig. 5. Effect of LUF6096 on equilibrium orthosteric radioligand binding
to the canine A; (A), A,, (B), and A; (C) ARs. Membranes (50 pg) were
incubated with ['?’T]I-AB-MECA (~0.5 nM; A, and A, ARs) or
[PHICGS21680 (~10 nM; A,, ARs) for 2 h at room temperature in the
presence of increasing concentrations of LUF6096. Nonspecific binding
was determined with 200 wM adenosine-5'-N-ethylcarboxamide. The
data shown are representative of three independent experiments.

ferences with respect to the weight of the left ventricle (data
not shown). It is noteworthy that there were also no differ-
ences among the three experimental groups with respect to
the size of the area at risk (Fig. 6A). Figure 6C illustrates the
relationship between infarct size and transmural collateral
blood flow measured at 30 min into the occlusion period in
the three experimental groups. In the control group (group 1),
there was an inverse relationship between infarct size and
collateral blood flow. This relationship was shifted downward
in a parallel fashion (Fig. 6C) in groups II and III, indicating
that the smaller infarcts observed in the LUF6096-treated
dogs occurred independently of changes in collateral blood
flow. Collectively, these data show that treatment with
LUF6096 provided protection from ischemia/reperfusion in-
jury and was effective at mitigating reperfusion-mediated
injury.

Bolus administration of LUF096 at 0.5 or 1.0 mg/kg pro-
duced no immediate changes in heart rate, arterial blood
pressure, left ventricular pressure, or LAD coronary artery
blood flow in the anesthetized dogs (data not shown). Table 1
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Fig. 6. Myocardial infarct size data. Dogs in experimental groups I and IT
received two doses of either vehicle (1 ml of 50% dimethyl sulfoxide in
normal saline) or LUF6096 (0.5 mg/kg i.v. bolus), respectively. The first
dose was given 10 min before coronary occlusion, and the second dose was
given 5 min before reperfusion. Dogs in experimental group III received
a single dose of LUF6096 (1 mg/kg i.v. bolus) 5 min before reperfusion. A,
the AAR expressed as a percentage of the left ventricle. B, infarct size
expressed as a percentage of the AAR. C, plot of infarct size expressed as
a percentage of the AAR versus transmural collateral blood flow mea-
sured 30 min after coronary occlusion. The data shown in C were fitted by
linear regression analysis: group 1,y = —385.49 x + 26.57, r*> = 0.67 (n =
8); groups II and III (pooled), y = —42.25 x + 16.20, r? = 0.17 (n = 15). *,
P < 0.05 versus Group 1.

summarizes the hemodynamic data collected throughout the
ischemia/reperfusion experiments. There were no significant
differences in hemodynamics between any of the treatment
groups. There were also no differences in collateral blood flow
within any region of the ischemic myocardium (Table 2).
Thus, cardioprotection provided by LUF6096 was not related
to favorable changes in the hemodynamic status of the dogs
or an increase in collateral blood flow.

Plasma Concentrations of LUF6096. Blood samples
were collected during the reperfusion period in group III dogs
for measurement of LUF6096 in plasma by using a sensitive
LC-MS procedure. The data fit best to a single-phase expo-
nential decay model with a plasma ¢;,, of 7.60 min (& =
0.0912 min~!; Fig. 7). From the data shown in Fig. 7, the

LUF6096 and Myocardial Infarction 215

theoretical plasma concentration of LUF6096 at time 0 min
(C,) was extrapolated to be ~2 wM; using this value and a
half-life of 7.60 min, the apparent volume of distribution (V4
= dose/C,) was estimated to be ~1.21 L/kg (~24 liters for a
20-kg dog) and clearance (Cl = V; X k) was determined to be
0.11 L/kg - min~'. Despite a short plasma half-life, bolus
administration of LUF6096 at a dose of 1.0 mg/kg in group III
dogs resulted in sufficient plasma concentrations expected to
provide some degree of A; AR-enhancing activity for the first
2 to 3 h of the reperfusion period.

Discussion

ARs are prime targets for pharmacological manipulation
by an allosteric mechanism, because adenosine is produced
locally in tissues during hypoxia, ischemia, and tissue injury/
inflammation where it functions to reduce cellular injury and
promote tissue repair (Ely and Berne, 1992; Auchampach
and Bolli, 1999; Headrick and Lasley, 2009). Local enhance-
ment of the actions of adenosine might provide greater ben-
efit compared with orthosteric agonists while avoiding un-
wanted side effects caused by the stimulation of ARs
expressed in other tissues (Gao and Jacobson, 2006; May et
al., 2007; Goblyos and IJzerman, 2011). In this study, we
found that treatment with LUF6096, a selective PAM of the
A, AR, significantly reduced infarct size in a barbital-anes-
thetized dog model of myocardial ischemia/reperfusion injury.
LUF6096 produced equivalent cardioprotection whether it was
present during ischemia or present exclusively during the rep-
erfusion phase. Administration of LUF6096 to dogs at a dose of
up to 1.0 mg/kg was found to be hemodynamically inert during
barbital anesthesia, producing no measureable effects on sys-
temic blood pressure, left ventricular pressure, coronary artery
blood flow, or collateral blood flow during the ischemic period.
Although LUF6096 was found to have a relatively short plasma
half-life, the dogs tolerated large doses of the drug, resulting in
plasma concentrations that were expected to provide a sus-
tained therapeutic effect.

Because of the large size of the dogs, we were not able to
administer A; AR antagonists to confirm the specificity of
LUF6096 in this study. This will have to await further in-
vestigation in smaller animal species or potentially in gene-
target animals. Nevertheless, there is substantial circum-
stantial evidence supporting the involvement of an A; AR-
mediated mechanism. First, preliminary studies established
that LUF6096 exhibits enhancing activity toward the canine
A; AR. LUF6096 was found to potently (EC;, 120 nM) in-
crease the maximal efficacy of the partial A; AR agonist
Cl-IB-MECA as well as the native agonist adenosine more
than 2-fold in [®**S]GTPyS binding assays using cell mem-
branes expressing the canine A; AR. Second, we established
that LUF6096 is present in plasma at concentrations that
would be expected to provide A; AR-enhancing activity. Fi-
nally, the cardioprotective profile of LUF6096 was found to be
similar to that observed with orthosteric agonists for the A; AR
such as N®-(3-iodobenzyl)adenosine-5'-N-methylcarboxamide,
Cl-IB-MECA, and (2S,3S,4R,5R)-3-amino-5-[6-(2,5-dichloro-
benzylamino)purin-9-yl]-4-hydroxytetrahydrofuran-2-carboxy-
lic acid methylamide (CP532,903) (Auchampach et al., 1997b;
Black et al., 2002; Ge et al., 2006, 2010; Wan et al., 2008). Like
orthosteric A; AR agonists, LUF6096 was able to reduce infarct
size by ~50% and protect against reperfusion-mediated injury
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TABLE 1
Hemodynamic data

Baseline Occlusion, 30 min Occlusion, 60 min Reperfusion, 1 h Reperfusion, 2 h Reperfusion, 3 h

Group I (n = 8)

HR, beats/min 164 = 4 164 = 6 162 = 8 156 = 5 155 =5 157 £ 5

MBP, mm Hg 123 = 7 114 = 4 111+ 7 106 = 8 110 = 7 108 = 8

LVdP/dt, mm Hg/s 2550 * 361 2213 * 226 2119 + 259 1819 + 1647 1819 + 1807 1856 + 1797
Group IT (n = 8)

HR, beats/min 154 £ 6 150 = 3 151 £ 3 155 £ 3 154 =3 151 £ 4

MBP, mm Hg 139 = 8 131 =9 129 = 11 113 + 47 118 = 67 121 = 77

LVdP/dt, mm Hg/s 2893 + 349 2507 *= 394 2614 + 393 2193 = 169" 2400 * 284 2507 *= 275
Group III (n = 7)

HR, beats/min 161 = 6 159 + 6 158 £ 5 154 = 4 159 £ 4 162 = 3

MBP, mm Hg 121 £ 10 121+ 8 118 =10 104 + 9F 109 £ 6 115 £ 7

LVdP/dt, mm Hg/s 1950 = 191 1992 = 175 1843 = 211 1500 = 135 1586 = 146 1436 + 1177

HR, heart rate; MBP, mean arterial blood pressure; LVdP/dt, maximal left ventricular dP/dt.

TP < 0.05 versus respective baseline value within groups.

TABLE 2
Regional myocardial blood flow data

Nonischemic refers to the region perfused by the left circumflex coronary artery. Ischemic refers to the region perfused by the left anterior descending coronary artery.

Epicardium Midmyocardium Endocardium Transmural
Nonischemic Ischemic Nonischemic Ischemic Nonischemic Ischemic Nonischemic Ischemic
ml/min/g
Group I 1.41 = 0.18 0.15 £ 0.04 1.52 = 0.13 0.08 £ 0.02 1.50 = 0.12 0.07 £ 0.01 1.48 = 0.13 0.10 £ 0.02
Group II 1.14 = 0.11 0.12 = 0.03 1.19 = 0.09 0.08 = 0.02 1.31 +£0.14 0.06 = 0.01 1.24 +0.11 0.08 = 0.02
Group III 1.30 = 0.19 0.10 £ 0.03 1.51 = 0.22 0.06 £ 0.01 1.54 = 0.19 0.05 £ 0.01 1.45 +0.19 0.07 £ 0.01
101 . when using adenosine as the orthosteric ligand. In equilib-
k =0.0912 min

t1/2 =7.60 min

Plasma Concentration
(nM)
o

L L) L)
0 60 120 180
Time (min)
Fig. 7. Plasma concentrations of LUF6096 in group IIT dogs determined
by LC-MS. Samples collected at each time point from all of the dogs in
group III were pooled and assayed in triplicate. The rate constant (k) and

half-life (¢,,,) were calculated by fitting the data to a one-phase exponen-
tial equation as described under Materials and Methods.

by a mechanism that is unrelated to changes in systemic he-
modynamics. The large size of the dog also precluded extensive
studies to investigate potential molecular mechanisms by
which LUF6096 provides protection from ischemia/reperfusion
injury. Earlier studies suggest that A; AR activation may pro-
mote cell survival by facilitating opening of the K, rp channel in
cardiac myocytes and suppressing the robust inflammatory re-
sponse that occurs during reperfusion (Auchampach et al.,
1997b; Black et al., 2002; Ge et al., 2006, 2010; Wan et al.,
2008).

Although we found that LUF6096 functioned effectively as
a PAM of the dog A; AR, its pharmacological profile versus
the dog receptor was slightly different from that observed
previously with the human A; AR (Heitman et al., 2009;
Goblyos and IJzerman, 2011). Using the dog A; AR in the
[®**SIGTP~S binding assay, we found that LUF6096 robustly
increased the intrinsic efficacy of Cl-IB-MECA while slightly
reducing its potency (~2-fold increase in the ECy,). Similar
results on potency and efficacy were obtained with LUF6096

rium binding assays, LUF6096 displaced binding at the or-
thosteric site of the canine A; AR within the same concen-
tration range that produced enhancement, suggesting that
the reduction in potency in the functional assays is related to
a decrease in orthosteric binding affinity. In contrast, we
observed previously that LUF6096 not only increased the
intrinsic efficacy of ClI-IB-MECA in functional assays (inhi-
bition of forskolin-stimulated cAMP accumulation) with the
human Aj AR, but that it also increased potency 3-fold (Heit-
man et al., 2009; Goblyos and IJzerman, 2011). Based on
these findings, it is apparent that the actions of allosteric
modulators of the A; AR are likely to be species-dependent,
similar to that observed previously with orthosteric ligands
for this AR subtype (Linden, 1994).

We do not have an explanation for the rapid disappearance
of LUF6096 from the plasma in the present study. It is
possible that it is rapidly metabolized or excreted without
chemical modification. The relatively large apparent volume
of distribution of LUF6096 and its high lipophilicity suggest
that it might be partitioning into certain tissues or is subject
to protein binding. As a consequence, the plasma concentration
might not reflect its concentration at the site of action. Consid-
ering that A; AR PAMs have potential utility in treating
chronic inflammatory diseases, it will be important to further
study the pharmacokinetic characteristics of LUF6096. Be-
cause LUF6096 (2,4-disubstituted quinolone) and LUF6000
(imidazoquinolinamine) are structurally distinct (Heitman et
al., 2009; Goblyos and IJzerman, 2011), it will be interesting to
determine the in vivo pharmacokinetic parameters of LUF6000
in future animal studies as well.

In summary, this study represents the first reported effi-
cacy of an A; AR PAM in an in vivo experimental animal
model of myocardial infarction. Our results demonstrate that
LUF6096 is well tolerated in anesthetized dogs and is effec-
tive at reducing injury caused by myocardial ischemia and
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reperfusion. This proof-of-concept study supports the possi-
bility that A; AR enhancers are effective in treating acute
ischemia/reperfusion injury as well as other diseases associ-
ated with ischemia, tissue injury, and inflammation. Find-
ings from clinical trials with the orthosteric A; AR agonist
N°®-(3-iodobenzyl)adenosine-5'-N-methylcarboxamide  indi-
cate that dosing is limited by hemodynamic side effects,
including tachycardia (van Troostenburg et al., 2004). These
actions may be caused by A; AR activation within the car-
diovascular system (Yang et al., 2010) or nonspecific interac-
tions with other AR subtypes (Murphree et al., 2002). Con-
sidering that PAMs function more selectively in a site- and
event-specific manner and have the potential to produce
fewer adverse effects compared with orthosteric agonists, the
allosteric enhancer approach for targeting the A; AR for
disease treatment might prove to be superior.
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