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Abstract A high proportion of primary percutaneous
coronary interventions performed in the setting of acute
myocardial infarction, concur with inadequate myocardial
perfusion at the microvascular level. This phenomenon,
known as “no-reflow” contributes to reperfusion injury,
poor prognosis and to unfavorable clinical outcome. In this
study, we evaluated the hypothesis that the synthetic 17[3-
aminoestrogen Prolame, may confer cardioprotection and
prevent against no-reflow. In an open-chest model of
30-min ischemia and 90-min reperfusion, male Wistar rats
were randomly assigned to different groups: Control, Pro-
lame, Prolame followed by the nitric oxide synthase
inhibitor (L-NAME), and 17B-estradiol. Areas of risk,
infarct size and no-reflow were determined by planimetry
with triphenyltetrazolium chloride and thioflavin-§ stains.
Structural damage of the vasculature was measured as
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capillary compression in clarified tissue after intra-atrial
injection of Microfil. Hemodynamic function was obtained
at the end of stabilization, ischemia and reperfusion; nitric
oxide (NO-) content was determined indirectly using the
Griess reaction. Activation of the eNOS signaling cascade
was determined by western blot. Prolame reduced the
infarcted area, decreased the zones of no-reflow and cap-
illary compression by activating the PI3K/Akt/eNOS sig-
naling pathway in correlation with NO- increase. Prolame
also activated endothelial cells augmenting NO- produc-
tion, which was inhibited by ICI182780 (a selective
estrogen receptor down-regulator), supporting the notion
that the cardioprotective effect of Prolame involves the
preservation of endothelium through the activation of
estrogen receptor downstream signaling. Our results pro-
vide evidence that Prolame has potential therapeutic
application in patients with AMI, as it prevents from both
vascular and cardiac tissue damage.
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Introduction

Retrospective and observational studies indicate that pri-
mary percutaneous coronary intervention (PCI), the pre-
ferred treatment against acute myocardial infarction (AMI),
renders satisfactory epicardial coronary flow and greater
patency rates of the infarct-related artery [44]. However,
PCI does not always guarantee clinical improvement;
studies of myocardial contrast echocardiography (MCE)
have shown diminished patency rates or even no-perfusion
at the coronary microvascular level in many of these
patients, condition known as no-reflow (NR) phenomenon
which contributes to myocardial reperfusion injury. Trials
on primary PCI show that up to 40 % cases concurred with
inadequate myocardial perfusion due to microvascular
obstruction, which was associated with increased 30-day
mortality if not adequately treated (32 vs. 2.8 %) [10, 30].

The factors associated with the establishment of NR
include: endothelial dysfunction, compression of capillar-
ies by swollen myocytes, alteration of the vasoregulation
pathways, epicardial spasm, mechanical obstruction from
embolization, extrinsic coagulation pathways, leukocyte
adherence, microvascular ischemia, edema and vasocon-
striction mediators [15, 23, 38]. Endothelial cell injury
occurs in approximately 20 % of vessels after 60 min of
reperfusion and in 40 % of vessels at 20-80 min of
reperfusion. Indeed, pioneer reports showed tightly packed
erythrocytes and endothelial gaps plugged by platelet and
fibrin thrombi with numerous extra vascular red blood cells
in capillaries from hearts reperfused only during 20 min
[29].

Mechanical thrombectomy applied at the time of cath-
eterization is used as a therapy against no-reflow; however,
the administration of agents which increases nitric oxide
(NO-) levels in the post-ischemic heart is also a common
practice, due to its multiple effects on the cardiovascular
system [24]. NO- inhibits platelet aggregation [27], reduces
oxygen consumption [33], regulates directly or indirectly
myocardial contractility [3], scavenges superoxide anions
(027) [2], prevents leukocyte adhesion [34] and mediates
the anti-proliferative/anti-inflammatory response [11]. In
spite of this, the administration of NO- donors like nitro-
glycerin [4], statins [25], verapamil [52], sodium nitro-
prusside [1] and abciximab have rendered inconclusive
results at the microvascular level. Similar outcomes have
been reported for adenosine, which despite of its proved
efficacy in numerous experimental models, does not
provided maximal coronary vasodilatation [20] neither
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improved TIMI flow rate in patients with acute ST-segment
elevation myocardial infarction [8].

Other approaches have focused on the effects of estro-
gen at vascular level. In animal models and in patients,
estrogen promotes vasodilatation via nitric oxide produc-
tion, regulates blood pressure, decreases vascular inflam-
mation/atherosclerosis and improves vascular reactivity.
The fast vascular response observed after estrogen stimu-
lation suggests the activation of non-genomic mechanisms
via membrane receptors and downstream cascade PI3K/
Akt/eNOS (phosphoinositide 3-kinase/protein serine-thre-
onine kinase/endothelial nitric oxide synthase) [37].

Here we report on a small molecule that might potentiate
the effects of estrogen and NO- production on vasoregula-
tion of post-ischemic hearts. The synthetic 17p-aminoes-
trogen (AE) Prolame [17f-(3-hydroxy-1-propylamino)-
1,3,5(10)-estratrien-3-ol)] is an estradiol analog in which
the C17 position of the steroid nucleus is substituted by an
amino-alcohol side chain-NH-(CH2)3-OH with three
methylenes groups [6] (Supplementary Figure 1). Previous
studies have shown that the 173-AEs, besides its antiplatelet
properties have high affinity to estrogen o (ERo) receptor
[26], producing changes in vasoregulation [36]. In partic-
ular, it was demonstrated that Prolame enhanced NO- pro-
duction in endothelial cells, platelets and in vivo mouse
models [12]. This fact and the recent proposal that anti-
platelet agents may be cardioprotective following myocar-
dial infarction by mechanisms not mediated by reduction of
microvascular obstruction [43], led us to evaluate whether
the 17B-aminoestrogen Prolame might diminish the no-
reflow phenomenon and provide cardioprotection in rats
with acute myocardial infarction followed by reperfusion.

Methods
Reagents

Chemicals were of reagent or higher grade from Sigma-
Aldrich (St Louis, MO) unless otherwise specified. Anti-
PI3K monoclonal antibody; polyclonal anti-PHO-PI3K,
Tyrd458/Tyr199; polyclonal anti-Akt; monoclonal anti-
PHO-Akt, Thr308; monoclonal anti-PHO-eNOS, Ser1177;
polyclonal anti-NOS and specific PI3K inhibitor
LY294002 were all purchased from Cell Signaling Tech-
nology Inc. (Danver, MA). The enhanced chemilumines-
cence detection system was from Millipore Corporation
(Bedford, MA) and alkaline phosphatase (AP)-conjugated
secondary antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). All other chemicals used were of the
highest purity available from Baker Co. (México) and
Sigma-Aldrich (México).
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Ethical approval

This investigation was performed in accordance with the
Guide for the Care and Use of Laboratory Animals, pub-
lished by the United States National Institutes of Health
(US-NIH) (NIH publication 85-23, 1985) and approved by
the Ethics Committee of the National Institute of Cardi-
ology I. Ch. Experimental work followed the guidelines of
the Norma Oficial Mexicana for the use and care of labo-
ratory animals (NOM-062-Z0O0-1999) and for the disposal
of biological residues (NOM-087-ECOL-1995).

Experimental preparation

The study was performed with male Wistar rats weighting
between 400 and 450 g that were anesthetized with 40 mg/
kg sodium pentobarbital. A midline incision was made in
the neck, and tracheotomy was performed. The rats were
mechanically ventilated with room air supplemented with
low-flow oxygen using a small-animal ventilator (Harvard
apparatus, Holliston, MA) at a rate of 60 breaths per minute
and a tidal volume of 1 ml/100 g body weight and respi-
ratory ratio 1:3. After left thoracotomy, hemodynamic
parameters were measured with an SPR-869 Mikro-Tip
pressure—volume catheter (Millar Instruments, Houston,
TX) introduced into the left ventricle, whereas electrocar-
diogram registers were obtained using standard limb elec-
trodes. Then, a 6-0 nylon suture was placed around the
proximal left coronary artery and the ends were passed
through a small plastic tube to form a snare. The artery was
occluded by pulling the snare, which was kept in place with
a haemostatic clamp. Myocardial ischemia was confirmed
by visual cyanosis and maintained during 30 min, then the
snare was released and the ischemic myocardium was
reperfused for 90 min. Sham rats were subjected to the
same surgical protocols performed in ischemic-reperfused
rats, except that the snare was not tied.

Heart rate (HR), left ventricular end-diastolic pressure
(LVEDP), left ventricular end systolic pressure (LVESP) and
maximum change rate of left ventricular pressure rise and fall
(£dp/df) were monitored continuously during the entire
ischemic/reperfusion protocol. Data acquisition were recor-
ded with the MPVS Ultra Foundation System (ADInstru-
ments, Spechbach, Germany) and analyzed with the LabChart
Pro Software (ADInstruments, Spechbach, Germany).

Experimental groups

Animals were randomly divided into six groups: (1) Sham
group, rats without ligation and only threading; (2) Control
group, rats with 30 min of ischemia by ligation of the left
anterior descending coronary artery and 90 min of reper-
fusion without any treatment; (3) Prolame group (Pro), rats

that received 75 pg/kg Prolame as an intravenous bolus
5 min before reperfusion through the tail veins; (4) Pro-
lame 4+ L-NAME group (Pro + L-NAME), rats to which a
single dose of 10 mg/kg of N(G)-nitro-L-arginine methyl
ester (L-NAME) was given 5 min after Prolame; (5) 17p-
estradiol group, rats that received 12.5 pg/kg of 17p-
estradiol as an intravenous bolus 5 min before reperfusion
through tail veins and (6) Pro 4+ LY group, in which some
rats received the PI3K inhibitor LY294002 (0.5 mg/kg)
(Supplementary Figure 2).

Chemical synthesis

17B-(3-Hydroxy-1-propylamino)-1,3,5(10)-Estratrien-3-ol,
Prolame, was synthesized from estrone. Chemical purity
was established by spectral (IR/NMR/MS) and chromato-
graphic (HPLC, TLC) techniques as previously reported
[6].

Measurements of area at risk and infarct size

Measurements of the myocardial area at risk (AAR) and
infarct area (IA) were performed according to a previous
report [32]. In brief, Evans blue dye was injected into the
left atrium to determine ligation area and then, the rats
were euthanized by injecting 2 ml of 15 % potassium
chloride via femoral vein. After excision, the heart was
placed in cold saline and the heart was cut into six slices
parallel to the atrio-ventricular groove. The area unstained
by Evans blue, indicating AAR was traced in visible light.
The extent of myocardial necrosis was evaluated incubat-
ing the left ventricular slices in 1 % triphenyltetrazolium
chloride (TTC) phosphate buffered saline for 25 min at
37 °C. The outlines of the slices and TTC negative staining
(infarct area) were traced and photographed in color.

Area of no-reflow (ANR) and capillary compressions
(CC) measurements

At the end of the experimental protocols a group of three
rats received a 2 % solution of the perfusion marker thio-
flavin-S' (1 ml/kg) through femoral artery. After 15 min,
the animals were euthanized and the hearts excised. Thi-
oflavin-S distribution was visualized and photografied
under ultraviolet light (4 = 365 nm).

Some animals from each group (n = 6) were subjected to
intra-atrial injection with Microfilm to evaluate the presence
of capillary compressions in the left ventricles, as described
by Coral-Vazquez et al. [5]. Briefly, a bilateral sternum
incision was performed to expose the left ventricle and 3 ml
of Microfil, a silicon rubber (Flow Tech., Carver, MA) were
perfused into the left ventricle. After contraction stopped,
the hearts were rapidly excised and maintained in ice for
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about 20 min. Afterwards, the hearts were fixed in 10 %
formaldehyde for 24 h and cardiac tissue was sectioned into
2-mm-thick transverse cross sections. The tissues were
subsequently cleared by sequential 24-h immersions in 25,
50, 75, 95 % and finally 100 % ethanol. Finally, the hearts
were placed in pure methyl salicylate for 24—48 h. All steps
were carried out at room temperature. CC visualization and
quantification were performed under transillumination at
10x magnification in 45 non-adjacent microscopic fields.
Total number of CC per left ventricle was measured and
compared between the experimental groups.

NO- production in cardiac homogenates and in human
umbilical vein endothelial cells (HUVEC)

Left ventricle samples (100 mg) were obtained from each
animal. Tissues were added to 300 pl of phosphate buf-
fered saline (PBS: 137 mM NaCl, 10 mM phosphate,
2.7mM KCl, pH 7.4) and homogenized until complete
homogenization. The homogenates were then centrifuged
at 10,000 rpm for 10 min at 4 °C and the supernatants
placed in sterile 1 ml Eppendorf tubes. Later, the resulting
supernatants were ultra-filtrated through two filters of 0.45-
pm pore size (Ministart, Sartorius Ltd., Gottingen, Ger-
many) and 10 kDa cut-off (Vavispin 2, Sartorius Ltd.,
Stonehouse, UK), respectively, to eliminate proteins from
each sample. Cadmium-coated granules were prepared as
described [45] and used within 10 min to reduce nitrates to
nitrites. Nitrite (NO, ") total levels were measured using
the colorimetric Greiss reagent according to Granger’s
method as indicator of NO- production [13].

Human umbilical cords obtained from the Obstetric/
Gynecology Service of the Luis Castelazo Ayala Hospital
of the Mexican Institute of Social Security, were immedi-
ately placed in 0.9 % NaCl supplemented with an antibi-
otic and antimycotic cocktail. Primary HUVEC cultures
were isolated, grown, and identified in endothelial basal
medium EBMTM (Lonza, Walkersville, MD, USA), sup-
plemented with EGMTM SingleQuotTM growth factors in
a humidified atmosphere of 5 % CO, and 95 % O, at
37 °C. Seven hours before the experiments, HUVEC were
washed with phenol red-free Hanks salt solution and kept
in phenol red-free DMEM plus 1 % of fetal bovine serum
and 1 % of antibiotic—antimycotic cocktail. Later, conflu-
ent HUVEC monolayers were incubated for 1 h in phenol
red-free Hanks salt solution supplemented with 4 mM L-
arginine (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA), and then stimulated with 1 pM bradykinin (BK)
(Sigma-Aldrich Chemical Co., St. Louis, MO, USA) or
with 10 uM Prolame for 15 min. In some experiments
HUVEC were incubated with the selective estrogen
receptor (ER) down-regulator ICI182780 (Abcam, Cam-
bridge, MA, USA) at 5 puM for 24 h before the addition of
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Prolame. Culture supernatants were used to measure NO-
levels and whole cell extracts obtained with RIPA buffer
for protein determination. Confluent cell cultures were
typically assayed on passages 5-10.

Western blot analysis

Samples of 100 mg from at least six hearts from each
group were individually prepared by adding 1 ml of ice
cold RIPA lysis buffer (20 mM Tris HCI, pH 7.5, 150 mM
NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate) and 10 pl
phenylmethylsulfonyl fluoride (1 mM). Aliquots of sam-
ples (60 pg of protein) were separated by 8-10 % SDS-
PAGE, electrotransferred onto a cellulose acetate mem-
brane and blocked with 5 % nonfat milk in TBS-T buffer
(20 mM Tris HCI, pH 7.4, 135 mM NaCl, 0.1 % Tween-
20). Anti-PHO-PI3K, Tyr458/Tyr199 (1:1,000 dilution);
anti-PI3K (1:1,000 dilution); polyclonal anti-Akt (1:1,000
dilution); anti-PHO-Akt, Thr 308 (1:1,000 dilution); anti-
PHO-eNOS, Ser 1177 (1:1,000 dilution) and anti-NOS
(1:1,000 dilution) were used to evaluated the PI3K/Akt/
eNOS pathway activation. Secondary antibodies conju-
gated with alkaline phosphatase were used to detect protein
content along with a chemiluminescence detection system
(Millipore, Billerica, MA, USA). Autoradiographic images
were analyzed using scanning densitometer software. Ratio
between phosphorylated protein and total protein was
obtained in the same membrane in all experiments, and
then data were compared among groups.

Effect of Prolame on impedance aggregometry

Aggregation was determined by measuring impedance with
a whole blood aggregometer (Model 560CA, Chrono-log
Corporation Havertown, PA, USA). Samples of 0.5 ml
heparinized arterial blood (68 USP units) from Sham,
Control, Pro and Pro + LY rats were collected. For each
assay, whole blood was diluted 1:1 with saline solution
(0.9 % w/v) and incubated during 3 min at 37 °C in a
plastic cuvette under continuous stirring. Aggregation was
stimulated with 10 pM ADP or 2 pg/mL collagen (Chrono-
PAR Corporation Havertown, PA; USA) as described by
Yang et al. [51]. Platelet aggregation was measured during
6 min and maximum changes were recorded. The data
were analyzed with the AggroLink software package.

Statistical analysis

All data are expressed as mean + SE. Data from all con-
ditions, such as hemodynamic data and other time-depen-
dent determinations, were compared by repeated-measures
ANOVA followed by post hoc analysis with Student—
Newman—-Keuls multiple comparisons. Differences in a
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single variable, such as ANR and IA, were compared
among groups by one-way ANOVA followed by Duncan’s
post hoc test. P < 0.05 was considered statistically
significant.

Results
Hemodynamic data

HR, LVESP, LVEDP, and +dp/dr before ischemia (sta-
bilization), at the end of ischemia (Ischemiasg ,;,) and at
the end of reperfusion (Reperfusiongy ;) were evaluated
in all experimental groups (Table 1). No significant dif-
ferences were observed after the stabilization period in any
of these parameters between the groups; neither during

120 min of continuous registers in Sham rats (not shown).
After 30 min of ischemia, HR, LVESP and +dp/dt dimin-
ished, whereas LVEDP increased in all groups, as com-
pared with values obtained during stabilization. At the end
of reperfusion (Reperfusiongg i), hemodynamic parame-
ters were similar to those observed after the ischemic
period (Ischemiazg ) in the Control group. In contrast,
HR, LVESP and =dp/dt values increased and LVEDP
diminished in the Pro group. Those changes were signifi-
cantly different to values obtained in the Control group
after reperfusion (P < 0.05). In the Pro + L.-NAME group,
the cardioprotective effect of Pro was abolished, as well as
in the Pro 4+ LY group indicating the participation of the
PI3K/Akt/eNOS signaling cascade. On the other hand,
17B-estradiol showed similar effects that those exerted by
Prolame.

Table 1 Effect of Prolame on hemodynamic data from rats with ischemia and reperfusion

HR (beats/min) LVESP (mmHg)

LVEDP (mmHg) +dp/dt (mmHg/s) —dp/dt (mmHg/s)

Sham
Stabilization 310 + 18 110 + 8.5
Ischemiaszg min - -
Reperfusiongg min - -
Control
Stabilization 302 £ 164 114 £ 12
Ischemiasz, mm 249 + §° 80 + 3.5°
Reperfusiongg min 270 + 5.6° 82 + 4°
Pro
Stabilization 312 £ 18 118 £ 24
Ischemiaszg mm 265 £ 16° 83 + 3.8°
Reperfusiongg min 306 + 8 108 + 4.6
Pro + L-NAME
Stabilization 304 £ 12 116 £ 3.5
Ischemiasg min 270 + 18° 79 £+ 6.2°
Reperfusiongg min 284 + 21° 80 £ 3.7°
17B-Estradiol
Stabilization 301 &£ 10 112 + 2.
Ischemiasg pin 259 + 18° 74 4 62°
Reperfusiongg min 290 & 3.1%¢ 87 £ 3.7
Pro + LY
Stabilization 308 + 13.6 102 + 10
Ischemiazg min 229 + 10° 72 £+ 3.8°
Reperfusiongg min 279 + 8.1° 88 + 9°

9.6 £+ 10 4,492 + 480 3,710 =+ 380
99 + 13 4,209 + 399 3,690 + 299
29 + 7° 2,310 + 230° 2,002 + 200°
28.3 + 6° 2,780 + 249° 2,231 + 210°
9.1+38 4,502 + 375 3,681 =+ 287
27 £23° 2,430 + 298° 2,080 + 243¢
12.3 £+ 2.3% 3,870 + 210 2,959 + 2102
9.4+ 4.6 4,441 £+ 310 3,710 £ 323
28427 2,390 + 289° 2,070 + 310°
20 £ 3.2¢ 2,910 + 232° 2,110 =+ 300°
9.0+ 24 4,491 £ 310 3,660 =+ 413
25 + 1.7 2,209 + 278° 2,120 £ 310°
18 £ 1.2 3,710 £ 312 2,920 + 290
92 + 13 4,339 + 301 3,640 =+ 309
22 £ 9° 2,310 + 244° 2,044 + 199°
16.1 + 4.9 2,880 + 200° 2,265 + 239°

Data are expressed as the mean value £ SE. HR, LVSP, LVEDP, +dp/df and LY, represent heart rate, left ventricular systolic pressure, left
ventricular end-diastolic pressure, the maximal and minimal change in rate of left ventricular pressure rise and LY294002, respectively. Sham
(n = 6); control (n = 6); Prolame, Pro (n = 8); Pro + L-NAME (n = 6); 17 estradiol (n = 6); Pro + LY (n = 6)

Data obtained at the end of stabilization, ischemia and reperfusion
* P < 0.05 vs. Reperfusiongg n;, in control group
® P <0.05vs. Reperfusiongg i, in the Pro + LY group

¢ P < 0.05 vs. stabilization in each group
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AAR, TA and ANR evaluation

The AAR in the left ventricle (LV) was comparable in
Control, Pro, Pro + L-NAME and 17-estradiol groups,
averaging 43 %. The IA observed in the Control group
after reperfusion (Reperfusiongg m;,) was 55 %, whereas in
Pro and 17f-estradiol groups diminished to 35 and 45 %,
respectively. IA was also significantly lower in the Pro
group than in the Pro 4+ L-NAME group (35 & 3.1 vs.
53 + 3.6, P < 0.05).

The ANR diminished significantly in the Pro group as
compared with the Control, Pro + L-NAME and 17f-
estradiol groups (P < 0.05). Coronary vessels were in
general smoothly tapered in the Sham group and CC
quantification was only of 9.2 £ 2.3/LV. In contrast, CC
increased to 79 £ 4.6/LV in the control group in correla-
tion with generalized sparseness of perfusion. Prolame

Fig. 1 Area at risk (AAR),

(a)

treatment (Pro group) decreased CC to 23 + 3.8/LV and
17B-estradiol only to 40 4 2.5/LV. Diminution in CC
observed in the Pro group was abolished in presence of L-
NAME (63 + 4.2/LV) (Figs. la, b).

NO- levels and eNOS activation

NO- levels were analyzed in both the right ventricle (RV)
and in the LV from all groups at the end of the protocols. In
Fig. 2a is shown that changes in NO- levels followed a
similar pattern in both ventricles, although changes were
more evident in the LV. A 69 % diminution in NO- was
observed in the Control group as compared with the Sham
and the Pro groups (P < 0.05). NO- content was partially
maintained in the 17f-estradiol group and totally depressed
by the PI3K inhibitor LY294002 (Pro + LY group) sug-
gesting the participation of the PI3K/Akt signaling

infarct area (IA), area of no- Control Pro Pro+L-NAME 17B-estradiol
reflow (ANR) and capillary 3 |
compressions (CC) in Ar?a at ' Evans
reperfused rat hearts treated risk Blue
with Prolame. a Representative (AAR) staining
images of heart sections stained
with: Evans blue, in which Infarct
unstained zones indicated AAR ntarc TTC
_ay. area It
(panels 1-5); staining
triphenyltetrazolium chloride (1A)
(TTC) in which pale zones
represented 1A (panels 6-10)
and, thioflavin-S in which the Area of Thioflavin-S
NR area is negative for No-reflow staining
fluorescence (panels 11-15). (ANR)
Transillumination of Microfil-
perfused coronary arteries
showing capillary compressions . ; ]
(panels 16-20). The yellow Capillary M:_(f:mflld
arrow indicates one capillary compressions periuse
compression. b Statistical (CC)
analysis of AAR, IA and ANR
. 80 T T T 100 T
expressed in percentage. (b) ( C)
¢ Statistical analysis of CC total
number/LV. Left ventricle 60 a a > 801 |
(LV). Values are expressed as = o a a =~
mean %+ SE. P < 0.05 vs. g 4 =P - 8 601 1
Control, °P < 0.05 vs. Pro + L- g 407 E E = 7 g a
NAME, °P < 0.05 vs. 17p- g = = = Zo1 BB
estradiol. Images are ) 1 = - = i 5
. o 20 = | | = Cc

representative of at least (AAR, = - = 20
n=4,IA,n=4; ANR, n = 3; - = =
CC, n = 6) different - - = 04
experiments cC

[ Sham — — — 3 Sham 92+23

B4 Control 45+3.2 (54737 | 4427 B Control 79+46

B Pro 447+36| 35+31 | 28146 B Pro 23+3.8

B Pro+L-NAME| 40+3.0| 53136 |51+6.2 B Pro+L-NAME 63+42

Bl 17B-estradiol| 42+2.9| 45+9.0 |39%12 Bl 17B-estradiol 40425
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30 T T
(a) c
§
(2]
a
o
E
o)
z
°
IS
c
RV LV
CSham 20+24| 20+24
E Control 15+12| 63+14
HlPro 24 +3.2 20+1.7
B Pro+LY 1219 | 4214
Il173-estradiol 17+26| 13314

(b) RV LV
(1) 2 3 @&
'?SHg'%Nﬁ)SI—— — ——— — — |-140kDa

== = l140kDa

NOS |

(1) Sham

(2) B Control
(3)E Pro

(4)H Pro+LY

(5) 17 B-estradiol

PHO-eNOS / NOS

Fig. 2 Myocardial NO- levels and eNOS phosphorylation in reper-
fused hearts treated with Prolame. a Nitric oxide content. b eNOS
phosphorylation at Ser1177 in left ventricle (LV) from Control, Pro,
Pro + L-NAME, and 17f-estradiol groups. NO- content and eNOS
phosphorylation in the right ventricle (RV) from the Sham group is
also shown. Data are expressed as mean &+ SE of six different
preparations from all the experimental groups. *P < 0.05 vs. Sham,
"P < 0.05 vs. Control, °P < 0.05 vs. Pro + L-NAME and 17-
estradiol

pathway in NO- production induced by Prolame. Myocar-
dial PHO-eNOS content correlated with variations
observed in NO- levels in all groups (Fig. 2b).

Activation of the PI3K/Akt/eNOS cascade by Prolame
and its effect on NR

It has been reported that binding of estradiol to its mem-
branal receptor activates the PI3K/Akt pathway resulting in
eNOS phosphorylation; thus, we evaluated the activation of
these kinases at the end of stabilization, ischemia and at 30,
60 and 90 min of reperfusion in the Control and Pro
groups. There were no significant differences in PHO-PI3K
content during stabilization or ischemia between Control
and Pro groups. At 30 min of ischemia, levels drastically
diminished in both groups (P < 0.05 vs. Stabilization).

Reperfusion induced further decline in PHO-PI3K content
in the Control group. On the other hand, PHO-PI3K levels
increased significantly in the Pro group since the first
30 min of reperfusion and remained so, until the end of the
experiment. The inhibitory effect of LY was observed in all
conditions (Fig. 3a). We also correlated the effect of PI3K
inhibition with IA, ANR and CC in the Pro group. Such
parameters increased significantly in the Pro 4+ LY group
as compared with the Pro group (Fig. 3b). On the other
hand, PHO-AKkt levels were the same in the stabilization
period and final ischemia in all groups. Then, at 30 min of
reperfusion, levels drastically diminished and remained
low throughout the 60 and 90 min of reperfusion in Control
and pro groups (Fig. 4).

PHO-eNOS levels were similar during the stabilization
period and at the end of ischemia in all groups. Phos-
phorylation at Ser1177 increased early during reperfusion
and was maintained until the end of reperfusion in the Pro
group. L-NAME pretreatment (Pro + L-NAME) signifi-
cantly reduced eNOS activity compared with the Pro group
(P < 0.01). 17B-estradiol exerted a delayed and time-lim-
ited effect on eNOS phosphorylation around 60 min of
reperfusion. Accordingly, CC in the Pro group (22 + 3.6/
LV) was significantly minor than that obtained in the
Pro + L-NAME group (40 £ 2.7/LV, P < 0.05) and in the
17B-estradiol group (31 £ 4/LV, P < 0.05) (Fig. 5).

Prolame stimulates NO- production in human umbilical
cord vein endothelial cells (HUVEC)

In order to confirm that Prolame directly activated endo-
thelial NO- production, studies were performed in HUVEC
primary cultures. NO- levels increased significantly in the
supernatants after incubation with both Prolame and with
the vasoactive peptide BK, supporting the idea that the
cardioprotection conferred by Prolame involved preserva-
tion of endothelium function. To further characterize the
precise mechanisms underlying endothelium-dependent
NO- signaling in response to Prolame, we used the estrogen
receptor down-regulator (ICI) in cell cultures. HUVEC
generated and maintained NO- production throughout time,
peaking at 15 min (14.3 £ 2.6 uM). NO- diminished by
473 % in presence of the ER inhibitor (13.8 & 2.3 wvs.
7 £ 2.1 uM, P < 0.05) (Supplementary Figure 3).

Antiplatelet effect of Prolame

To unravel if the antiplatelet properties of Prolame may
account in some degree for the observed cardioprotection,
we measured platelet aggregation in heparinized arterial
blood from control, Prolame (Pro) and (Pro + LY) rats at
the end of the reperfusion experiments. Platelet aggregation
observed in arterial blood from the Control group both with
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Fig. 3 PI3K activation during early reperfusion is related with
diminution of the no-reflow phenomenon. a Representative western
blots of PHO-PI3K and PI3K content in independent preparations of
LV from control, Pro and Pro + LY groups subjected to stabilization,
ischemia and reperfusion for 30, 60 and 90 min. Bars represent

mean + SE of at least six independent experiments of each condition

Fig. 4 Effect of Prolame on
Akt activation in reperfused
hearts. Representative western
blots of Akt and PHO-Akt
content from independent
experiments of each condition
in the control and Pro group.
Bars show the mean £+ SE of
total and phosphorylated protein
ratio from six left ventricles
obtained at the indicated
conditions. *P < 0.05 vs.
control
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in every group. *P < 0.05 vs. stabilization. b Representative images
of TIA, ANR (scale 1.5 mm) and CC (scale 200 um). A capillary
compression is shown with a yellow arrow. ¢ Statistical analyses of
IA, ANR and CC. Data are expressed as mean = SE of six
independent experiments. *P < 0.05 vs. Control P < 0.05 vs. Pro
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Fig. 5 PHO-eNOS content and
ANR in reperfused hearts
treated with Pro, Pro + L-
NAME and 17-estradiol.

a Representative western blots
of PHO-eNOS content from
independent preparations of LV
subjected to stabilization,
ischemia and reperfusion for 30,
60 and 90 min from each group
(n = 6). b Transillumination
images of Microfil-perfused
coronary arteries from Pro,

Pro 4+ L-NAME and 17f-
estradiol groups, in which
capillary compressions are
indicated with yellow arrows
(scale 200 um). Data are

expressed as mean £ SE.

3P < (.05 vs. control, °P < 0.05

vs. Pro

ADP (10 uM) and with collagen (2 pg/ml), diminished in
blood samples from Pro and Pro 4+ LY groups. Inhibition
of NO production had no effect on Prolame’s antiplatelet
aggregation properties (Supplementary Figure 4).

Discussion

The patency of infarct-related artery has to be restored as
soon as possible to recover heart function in patients with
ST-segment elevation acute myocardial infarction or acute
coronary syndrome. PCI is the most direct and effective
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method to reperfuse the myocardium [14, 28]; however,
successful reopening of the infarct-related artery (stenosis
<10 %) not always is translated into complete tissue
reperfusion; not even into obtaining TIMI grade 3 of
antegrade flow. This condition, known as NR, is a com-
plication of PCI and is closely correlated with worse
prognosis, higher mortality and incidence of re-infarction
in hospital [40].

Although the exact mechanism of NR is not clear, there is
considerable evidence suggesting that this phenomenon is due
to microvascular spasm caused by free radicals, endothelin,
angiotensin-II, thromboxane and/or to progressive
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accumulation of leucocytes and erythrocytes in the micro-
circulation, to distal-end occlusion resulting from micro-
thrombus or plaque fragments and to intracellular edema
(interstitial substance). Also, mechanical obstruction by car-
diac pericytes has also been pointed out as cause of diminished
reperfusion of coronary capillaries [39]. Myocardial ischemia
and reperfusion are responsible for a cascade of reactions
leading to endothelial injury, characterized by a decrease in
the production of nitric oxide (NO-); therefore, the pharma-
cotherapy of NR has focused primarily on strategies like local
vasodilator therapy, antiplatelet therapy and use of devices for
aspiration of thrombi. The use of intracoronary vasodila-
tors has produced inconclusive results, although class Ila
recommendation for the administration of intracoronary
vasodilators (e.g., adenosine, calcium channel blockers, or
nitroprusside) was given by the ACC/AHA PCI (American
College of Cardiology/American Heart Association Percuta-
neous Coronary Intervention) guidelines in 2011 [31]. Two
multicenter studies (AMISTAD 1 and II) showed that aden-
osine infusion reduced infarct size in anterior myocardial
infarction [35, 41], whereas in the ADAPT trial (adenosine
administration during primary percutaneous coronary inter-
vention in acute myocardial infarction trial, n = 488), no
significant differences were observed in no-reflow between
patients randomized to adenosine or placebo treatment [8].
Some results have shown that nitroglycerin has little impact on
arteriolar tone and hence in NR, since it needs to be metabo-
lized in the vascular wall to release nitric oxide. Besides, only
the epicardial arteries are capable to metabolize nitroglycerin
but not the microvascular resistance arterioles and indeed,
some studies indicate that verapamil may be more effective
than nitroglycerin [49]. This calcium channel blocker, as well
as diltiazem and nicardipine are endothelium-independent
vasodilators used in hypertensive emergency and in NR
treatment in some countries; however, it has been observed
that its administration also induces bradycardia and hypo-
tension [9]. Devices for aspiration of thrombi and thrombus-
derived vasoconstrictor, have shown to reduce thrombus
burden, improve perfusion, and provide protection in patients
with acute myocardial infarction [22].

The estrogen receptors, being widely expressed in the
cardiovascular system constitute potential therapeutic tar-
gets in acute myocardial infarction and NR [7]. Studies
in vitro and in vivo have demonstrated that estrogen
induces microvascular dilation by endothelium-mediated
mechanisms. Activation of eNOS through non-genomic
pathways, namely the PI3K/Akt cascade, was observed in
human endothelial cells treated with 17f-estradiol in
association with beneficial effects on the vasculature [18].

Other cardioprotective approaches like mild hypother-
mia and postconditioning (PostC) have been tested to
reduce no-reflow. In a first report, Kloner’s group found
that hypothermia protects against no-reflow but failed to
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reduce myocardial infarct size in rabbit hearts [16]. The
same group developed a new cooling system to produce
rapid hypothermia, which resulted in a profound diminu-
tion in infarct size and anatomic zone of no-reflow in hearts
from rat and rabbit [19]. On the other hand, PostC, despite
its almost universal efficiency in diminishing infarct size,
had no effect on non-reflow in an open-chest rabbit model
[17].

It is worth mentioning that both myocardial tolerance to
injury from I/R and cardioprotection might be confounded
by age, sex, comorbidities, and drugs, although they are
relevant in patients who need cardioprotection [21]. Par-
ticularly, some intriguing results of the effects of cardio-
protective strategies when antiplatelet therapy has been
previously applied to patients, have raised the idea that
the cardioprotective phenomenon might already be
established.

Lack of conclusive reports on the efficacy of therapies
against no-reflux led us to conduct this study, in which was
hypothesized that Prolame, an estradiol analog with anti-
platelet and antithrombotic properties may prevent NR
phenomenon by exerting endothelial protection, contrib-
uting to confer cardioprotection. We found that Prolame
effectively preserved cardiac function, decreased the
infarcted area and the NR phenomenon in post-ischemic
hearts; such protective effect was completely suppressed
by inhibiting eNOS or PI3K, suggesting that this com-
pound may be a postconditioning mimetic. The retrospec-
tive study by Roubille et al. (2012) [42] adds to this
hypothesis with the demonstration that the antiplatelet
compound clopidrogel attenuates lethal reperfusion injury
in patients by mechanisms related with increased eNOS
phosphorylation [46]. Besides, Yang et al. (2013) [51]
reported that the inhibitors of the RISK pathway blocked
the cardioprotection provided by clopidrogel or cangrelor
in isolated rabbit hearts and also, that such results were
consistent with those obtained in monkey hearts [50].

We recognize some limitations in this study: one is
related with the demonstration of differential RISK path-
way activation observed during postconditioning among
different species, i.e., small mammals and pigs [47, 48]
which raises doubts about the relevance of Akt and ERK1/
2 activation in a translational context. In this regard, as it is
common that even small variation in experimental strate-
gies, not to mention the use of different species may affect
cardioprotection, it would be desirable to further confirm
findings obtained in rodent models, in larger animal mod-
els. Second, the experimental acute infarction used here
does not reproduce the most common clinical situations of
coronary occlusion resulting from chronic pathologies.
However, it is worth mentioning, that no adverse effects by
Prolame administration were observed in rat hearts not
subjected to ischemia and reperfusion.
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