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ABSTRACT

Background: In the senescent heart, the positive inotropic response to 3-adrenoceptor stimulation is reduced, partly by dys-
regulation of B1- and B3-adrenoceptors. The multidrug resistance protein 4 (MRP4) takes part in the control of intracellular
cyclic adenosine monophosphate concentration by controlling its eflux but the role of MRP4 in the 3-adrenergic dysfunction
of the senescent heart remains unknown.

Methods: The 3-adrenergic responses to isoproterenol were investigated in vivo (stress echocardiography) and in vitro (iso-
lated cardiomyocyte by Ionoptix® with sarcomere shortening and calcium transient) in young (3 months old) and senescent
(24 months old) rats pretreated or not with MK571, a specific MRP4 inhibitor. MRP4 was quantified in left ventricular
homogenates by Western blotting. Data are mean + SD expressed as percent of baseline value.

Results: The positive inotropic effect of isoproterenol was reduced in senescent rats iz vivo (left ventricular shortening fraction
120+ 16% vs. 158 +20%, P < 0.001, n = 16 rats) and iz vitro (sarcomere shortening 129 +37% vs. 148 £35%, P = 0.004,
n = 41 or 43 cells) as compared to young rats. MRP4 expression increased 3.6-fold in senescent compared to young rat myo-
cardium (P = 0.012, n = 8 rats per group). In senescent rats, inhibition of MRP4 by MK571 restored the positive inotropic
effect of isoproterenol iz vivo (143 + 11%, n = 8 rats). In vitro in senescent cardiomyocytes pretreated with MK571, both sar-
comere shortening (161 £45% vs. 129+37%, P = 0.007, n = 41 cells per group) and calcium transient amplitude (132 +25%
vs. 113+27%, P = 0.007) increased significantly.

Conclusion: MRP4 overexpression contributes to the reduction of the positive inotropic response to [3-adrenoceptor stimula-
tion in the senescent heart. (ANESTHESIOLOGY 2015; 122:334-42)

LDERLY patients are exposed to a higher mortality
risk during the perioperative period.! In the senescent
heart, diastolic dysfunction’* and a reduced response to
[-adrenoceptor stimulation are observed which may con-

What We Already Know about This Topic

e The multidrug resistance protein MRP4 plays an important
role in regulation of intracellular cyclic adenosine monophos-
phate and 3-adrenergic stimulated heart performance

tribute to hemodynamic instability during the periopera-
tive period.> Down-regulation of 31- and (32-adrenoceptors
impair the positive inotropic effect of f-adrenergic stimula-
tion,2® whereas overexpression of 3-adrenoceptor increases
nitric oxide production iz nitric oxide synthase 1, activates
protein kinase G, and then promotes the increased hydrolysis
of cyclic adenosine monophosphate (¢cAMP) by activation of
phosphodiesterases.> However, these abnormalities only partly
contribute to the alteration of the f3-adrenergic pathway.

A complementary mechanism of regulation of cAMP
has been recently described, the multidrug resistance pro-
tein 4 (MRP4).”® This channel was first described in resis-
tance to chemotherapy as it allows malignant cells to extrude
the drug and survive’ but further studies revealed its role
as transporter of cyclic nucleotides.'®'? In cardiomyocytes

e Elderly patients are at significant risk of perioperative cardio-
vascular compromise; however, the role of MRP4 in the se-
nescent heart has never been investigated

What This Article Tells Us That Is New

e MRP4 is overexpressed in the senescent rat heart and is in-
volved in the limited positive inotropic response of the senes-
cent heart to -adrenergic stimulation

e MRP4 may be a therapeutic target for altering the inotropic
reserve of elderly patients

and vascular smooth cells, MRP4 is located at the plasma
membrane level” and extrudes cAMP->!! Iz vitro, inhibi-
tion of MRP4 increased intracellular cAMP level and pro-
tein kinase A activity,® leading to a greater positive inotropic
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effect of 3-adrenoceptor stimulation. In mice with genetic
deletion of MRP4, an increase in cAMP has been observed
in cardiomyocytes after adenylyl cyclase stimulation.” How-
ever, the involvement of MRP4 in the senescence-induced
[-adrenergic dysfunction had not yet been studied.

This study tested the hypothesis that an overexpres-
sion of MRP4 contributes to the altered response of the
[-adrenoceptor stimulation in the senescent heart.

Materials and Methods

Animals

Experiments were conducted in an authorized laboratory
under supervision of an authorized researcher (J. Amour,
A-75-20-81). The project has been submitted to the relevant
Animal Care Committee through the French Ministry of
High Education and Research (Comité Régional d’Ethique
en Expérimentation Animale Paris-comité 3, Paris, France).
Wistar male rats have been studied in two groups: senescent
rats (24 months old) and young adult rats (3 months old).
Animals were purchased from Janvier (Le Genest St Isle,
France) and cared according to the Guiding Principles in the
Care and Use of Animals in a labeled housing place (B-75-13-
08) with food and water ad libitum. The heart was removed
during anesthesia after the measurements of arterial blood
pressure and weighed, except for the hearts used for the iso-
lation of cardiomyocytes, in order to shorten the time of
ischemia. Then, the left ventricle was carefully dissected and
frozen in liquid nitrogen for Western blotting experiments.

Stress Echocardiography

Transthoracic stress echocardiography was performed on
anesthetized rats under 1 to 2% isoflurane using a General
Electric Vivid 7 instrument (Aulnay-sous-Bois, France) as pre-
viously described.>!34 Systolic function and inotropy were
studied with left ventricular shortening and ejection fractions
using a modified version of Simpson’s analysis on parasternal
short-axis and long-axis views in M mode. These variables
were measured in basal conditions and under B-adrenergic
stimulation using isoproterenol (10 png kg™ min~!, continu-
ous intravenous administration) with or without intravenous
pretreatment with MK571 (30 mg/kg, Enzo Life Sciences,
Villeurbanne, France) a specific inhibitor of MRP4”"> or
the same volume of NaCl 0.9% as control. Stress values were
determined after stabilization of heart rate (HR) 6 min after
each drug administration.

Arterial Pressure Measurements

In vivo, at least 2 days after the echocardiographic assessment,
the rats were anesthetized using pentobarbital (50 mg/kg
intraperitonally) to measure arterial blood pressure. Pres-
sure transducer catheter (size 2E Millar Micro-tip cath-
eter transducer, model SPR-407; Millar Instruments, Inc.,
Houston, TX), was introduced into the right carotid artery
and connected to a pressure transducer (Gould Electronic,
Cleveland, OH). After stabilization, the arterial systolic,
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mean arterial pressure and diastolic pressures were recorded.
From the arterial blood pressure tracings, the HR and the
maximum positive values of first derivative of arterial pres-
sure (+dP/dt) were quantified. The cardiac variables were
recorded under baseline conditions and under $-adrenergic
stimulation using isoproterenol (10 pg kg™! min™', continu-
ous intravenous administration although the tail vein) with
or without pretreatment with MK571 (intravenous adminis-
tration of 30 mg/kg 6 min before through the tail vein)”!> or
the same volume of normal saline as a control. Stress values
were determined after stabilization of HR.

Measurements of Intracellular Calcium Transient and
Contractile Function in Isolated Cardiomyocytes
Ventricular cardiomyocytes were isolated from rat hearts
on a Langendorf apparatus using enzymatic digestion by
collagenase A (Roche Diagnostics, Meylan, France) as pre-
viously described.!® Under intravenous anesthesia (pento-
barbital 65 mg/kg, intraperitonally) the chest was opened,
the heart was removed and washed in buffer then connected
through the aorta to the Langendorf perfusion cannula.
An anterograde perfusion via the coronary circulation was
applied to the heart with a HEPES buffer (117 mM NaCl,
5.7mM KCl, 1.5 mM KH,PO,, 4.4mM NaHCO,, 1.7 mM
MgClz, 11.7 mM glucose, 10 mM creatine, 21 mM HEPES,
and 20 mM taurine, all form Sigma-Aldrich, Llsle d’Abeau
Chesnes, Saint-Quentin Fallavier, France) bubbled with
oxygen and maintained at 37°C and pH 7.40. The cardiac
digestion was performed by the perfusion of the same buf-
fer with collagenase A (1.2 to 1.4mg/ml), 100 uM EGTA
and 240 uM CaCl, (both from Sigma-Aldrich). After 60 to
80 min, the heart was removed and the atria excised. A care-
ful mechanical dissection completed the digestion. The cells
were filtered and resuspended in the native calcium-free buf-
fer with bovine serum albumin (Sigma-Aldrich). Calcium
was progressively added to the suspension to reach an extra-
cellular calcium concentration of 0.5mM. Freshly isolated
cardiomyocytes were used in the same day. The ventricular
cardiomyocytes were loaded for 20 min at room tempera-
ture with Fura2-AM (1 pM, Molecular Probes, Invitrogen,
Saint-Aubin, France) and then resuspended in the HEPES
buffer with 0.5mM calcium. Contractility and calcium
transient of the cardiomyocytes were assessed on each cell
with a Ionoptix® platform (Ionoptix Corporation, Milton,
MA)."7 Only rod-shaped cardiomyocytes with sharp edges
were studied. Cardiomyocytes with spontaneous contraction
or sarcolemal blebs were avoided. Myocytes were electrically
stimulated at 1 Hz and 8V in a room at 25°C. The contrac-
tile properties of the cardiac myocytes were analyzed with
the lonWizard® software (Ionoptix®, Ionoptix Corporation)
from the trace of the sarcomere shortening by peak shorten-
ing (PS), time to PS normalized to PS and the maximum
shortening velocity (-dL/dt) for the shortening phase and
time to 90% relengthening and the maximum relengthening
velocity (+dL/dt) for the relengthening phase were recorded.
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Myocytes were alternatively exposed to a light of 340 and
380nm by the Fluorescence System Interface with Hyper-
switch (Ionoptix Corporation). Fura2-AM is a fluorescent
dye whose emission wavelength depends on the calcium
concentration and the ratio 340/380 of fluorescence of the
Fura2-AM is correlated to the intracellular calcium level.'”
The changes in Fura2-fluorescence intensity (FFI) reflect the
variation of the intracellular calcium level during the cardiac
cycle, also known as calcium transient. The calcium tran-
sient was described in our study by the AFFI, amplitude of
the FFI increase after twitch (peak FFI-baseline FFI) and the
time course of the fluorescence constant decay (tau). The
inhibition of MRP4 was provided by a pretreatment with
MKS571 (1077 M). The contraction and fluorescence ratio
of the cardiomyocyte were recorded continuously at basal
condition and after adjunction of isoproterenol (10 M).
Since calibration was not performed, only percent changes
with isoproterenol and baseline values of AFFI could be
compared between groups. Stress values were evaluated at
maximal cell contraction. As MK571 could also inhibit leu-
kotrienes receptors CysLT'1 and CysL'I2 and thus influence
the response to B-adrenoceptor stimulation, we performed
additional experimentation in isolated cardiomyocytes using
BAY-u9773 (107 M) (Cayman Chemical Bertin Pharma,
Montigny-le-Bretonneux, France), a specific inhibitor of
CysLT1 and CysLT2 receptors.!® Then, P-adrenoceptor
stimulation was performed as described in the experiment

with MK571.

Western Blotting

The left ventricles were removed from anesthetized rats and
frozen in liquid nitrogen. The samples were homogenated
in a lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 2mM
EDTA, 1% triton, phosphatase and protease-inhibitor cock-
tail, Sigma-Aldrich). The protein concentration was deter-
mined by the Bradford protein assay (Bio-Rad, Marnes-la
Coquette, France). After denaturation in Laemmli buffer,
60 pg of total protein extract was loaded in each lane for
separation in a sodium dodecyl sulfate 9% polyacrylamide
electrophoresis gel and transferred on a nitrocellulose mem-
brane (Hybond, Amersham, GE Healthcare, Velizy, France).
After saturation in milk, each membrane was incubated
overnight at 4°C with primary antibodies (anti-MRP4
1/200: M41-80 (Abcam, Paris, France), anti-CysLT1 Recep-
tor 1/10,000 or anti-CysL'T2 receptor 1/5,000 (both from
Cayman Chemical), and anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) 1/1,500 (ab9485, Abcam)).® The
day after, membranes were washed with a Tris-saline buffer
with Tween and incubated with appropriate secondary anti-
body (anti-rat 1/2,500, anti-rabbit 1/2,500, all from Cell
Signaling, Ozyme, Saint-Quentin en Yvelines, France). Rela-
tive quantification of the targeted protein was achieved by
fluorescence recording on EthanDIGE reader with an ECL®
detection system (GE Healthcare). MRP4 was detected at
150kDa and GAPDH at 37kDa. MRP4 expression was
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quantified using Image J software (NIH, Bethesda, MA) and
normalized versus GAPDH expression to ensure no varia-
tion in protein gel loading. In addition, Ponceau S staining
was performed to confirm that GAPDH expression did not
differ between young and senescent rats. Two membranes
were generated and comparison was performed on ratio of
MRP4/GAPDH expression normalized on the mean expres-

sion in control samples in the concerning gel.

Statistical Analysis

Data are expressed as mean = SD. We used absolute val-
ues to compare baseline characteristics between young and
senescent rats and delta percent changes from baseline to
compare the pharmacological effects, as previously desc
ribed 31314161920 A¢ 3 matter of fact, SD of delta percent
changes represents the variation of the pharmacological effect
we are measuring, whereas the SD of absolute values mainly
reflects interindividual differences. Moreover, some variables
were expected to significantly differ at baseline because we
compared young and senescent rats. The main criteria of our
study was sarcomere shortening, especially PS. Assuming a
baseline value of PS of 10.7 +2.3%, an alpha risk of 0.05 and
a beta risk of 0.20, we determined that a sample size of at
least n = 35 cells per group would enable us to detect a 15%
change in PS (PASS 11 software, Statistical Solutions Ltd.,
Cork, Ireland). Young and senescent rats or cells were stud-
ied alternatively. Experiments could not be blinded because
young and senescent rats look particularly different. For in
vivo experiments, treatment was allocated before anesthesia
by manual randomization. For in vitro experiments, cells
were parted in aliquots. Inhibitor or suspension buffer was
added after manual randomization before being examined.
Means were compared using the Student ¢ test or one-way
ANOVA with post hoc test Newman—Keuls. All P values were
two-tailed and a P value of less than 0.05 was considered as
significant. Statistical analysis was performed using NCSS
7.0 software (Statistical Solutions Ltd.).

Results

We studied a total of 21 young and 20 senescent rats. Two
young and four senescent rats exhibited ventricular fibril-
lation or asystole during invasive arterial pressure measure-
ment and were excluded from the analysis.

Baseline Characteristics

Baseline characteristics of rats are reported in table 1. As
expected, senescent rats had significantly higher body
weight and heart weight than young rats but the heart to
body weight ratio was not significantly different between
groups. Using echocardiography, HR in senescent rats was
significantly lower in senescent than that in young rats. Both
left ventricular shortening and ejection fractions were not
significantly different between senescent and young rats.
Under baseline conditions iz vive, the HR was significantly
lower in senescent rats but the mean arterial pressure was
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Table 1. Characteristics of Young and Senescent Rats

Young Senescent
General characteristics (no. of rats) (n=21) (n=20)
Body weight (g) 430+60 566 +50*
) (n=12) (n=12)
Heart weight (mg) 872+104  1,294+274*
Heart weight/body weight (mg/g) 35,03 3.1+05
Echocardiography (no. of rats) (n=16) (n=16)
Heart rate (beats/min) 366+33 331+£13*
LV ejection fraction (%) 81+7 80+3
LV shortening fraction (%) 47+6 44+4
Arterial catheterization (no. of rats) (n=16) (n=16)
HR (beats/min) 420+ 35 355+33*
Systolic arterial pressure (mmHg) 130+16 135+19
Diastolic arterial pressure (mmHg) 105+12 105+16
Mean arterial pressure (mmHg) 113+13 115+17
+dP/dt (mmHg/s) 2,680+501 2,250+665*
Sarcomere kinetics (no. of cells) (n=43) (n=41)
PS (%) 10.7+2.3 9.5+3.0"
TPS (ms) 11.8+£3.0 20.6+9.6*
—dL/dt (mm/s) -3.0£0.8 -2.1+1.0*
+dL/dt (mm/s) 2.7+1.0 1.7+£1.1
TR90 (ms) 261+83 340+102*
Calcium transient (no. of cells) (n=43) (n=41)
AFFI (arbitrary units) 0.53+0.19 0.37+0.27t
Tau (ms) 124+25 125+28

Data are mean + SD.

*P < 0.05 vs. Young. tBecause calibration was not performed, these values
could not be compared between young and senescent rats.

—dL/dt = maximum shortening velocity; +dL/dt = maximum relengthening
velocity; +dP/dt = first derivative of arterial pressure; AFFI = changes in Fura-2
fluorescence intensity; HR = heart rate; LV = left ventricular; PS = peak short-
ening; TPS = time to peak shortening; TR0 = time to 90% relengthening.

not significantly different between groups. /n vitro, the basal
characteristics of sarcomere shortening of the cardiomyocytes
revealed a moderate alteration of contractility and relaxation
parameters in the senescent cardiomyocytes. The cardiomyo-
cytes from senescent rats displayed reduced PS and -dL/dt
and increased time to PS. The +dL/dt was significantly lower
and time to 90% relengthening was significantly higher in
the senescent cardiomyocytes (table 1).

Effects of MK571, a Specific Inhibitor of MRP4
Since MK571 may also inhibit leukotrienes receptors, we
verified that inhibition of CysLT1 and CysLT2 receptors
by BAY-u9773 did not significantly modify the response
to isoproterenol on sarcomere shortening in isolated car-
diomyocytes from young rats (data not shown). Moreover,
CysLT1 and CysLT?2 receptors protein expression were not
significantly different between young and in senescent rats
(1.0£0.7 »s. 1.0+0.8 arbitray units, ” = 0.99 and 1.0+0.8
vs. 1.0 £0.7 arbitray units, P = 0.90, respectively).
Administration of saline did not significantly modify
any echocardiographic variables in the senescent or young
groups. In senescent rats, administration of MK571 had no
significant effect on any echocardiographic variable. In con-
trast, in young rats, a slight but significant increase in left
ventricular shortening and ejection fractions was observed
(table 2). During arterial catheterization, administration
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of saline or MK571 induced no significant effect on HR,
mean arterial pressure, or dP/dt in any group. Nevertheless,
in young rats during echocardiography, the isoproterenol-
induced increase in HR seems to be blunted by MK571
(table 2), an effect not observed during arterial catheteriza-
tion (table 2). We did not test the direct effect of MK571
on sarcomere shortening and calcium transient since isolated
cells were incubated with or without MK571. Nevertheless,
we did not observe any significant difference in the groups
incubated with or without MK571 (table 2).

Effects of MK571 on S-Adrenoceptor Stimulation

In vivo, using echocardiography, the positive inotropic effect
of B-adrenoceptor stimulation was altered in senescent rats
as compared with young rats. Pretreatment with MK571
restored the positive inotropic effect in the senescent group
to the level observed in young rats (fig. 1).

During arterial catheterization, the increase in HR and
the decrease in mean arterial pressure induced by isoproter-
enol were not significantly different between senescent and
young rats. Pretreatment with MK571 restored the positive
inotropic effect in the senescent group to the level observed
in young rats (fig. 1).

In vitro, the senescent cardiomyocytes exhibited a reduced
positive inotropic response to isoproterenol compared with
young cardiomyocytes (fig. 2). Pretreatment with MK571
restored the positive inotropic response of sarcomere short-
ening in senescent cardiomyocytes returning to the level
observed in young cardiomyocytes, whereas it had no sig-
nificant effect in young cardiomyocytes (table 2). Calcium
transient increased with [3-adrenoceptor stimulation. In
senescent group, calcium transient increase was more impor-
tant in cardiomyocytes pretreated with MK571 than in non-
pretreated cardiomyocytes (fig. 3).

Expression of MRP4

In senescent rats, MRP4 protein expression increased 3.6-
fold in comparison to young rats (P = 0.012) (fig. 4). Using
Ponceau staining, we confirmed the absence of significant
variation in GAPDH expression in senescent compared to
young rats (203+9 vs. 211+ 15 arbitrary units, P = 0.70)

Discussion

In the current study, we confirmed that the positive inotropic
response to B-adrenoceptor stimulation is altered in senescent
hearts. We observed that the expression of MRP4 was 3.6-
fold increased in left ventricle of senescent rats and inhibition
of MRP4 by MK571 restored the positive inotropic effect of
[-adrenoceptor stimulation in senescent rats both 77 vivo and
in vitro. In parallel, the calcium transient was improved by
MKS571 pretreatment in the senescent cardiomyocytes. Con-
sequently, these results strongly support the role of MRP4 in
the altered (3-adrenergic response in the senescent heart.

In vivo, our results confirm that the systolic function
was preserved (left ventricular shortening and ejection
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Table 2. Comparison of the Response to 3-Adrenergic Stimulation in Young and Senescent Rats with or without Pretreatment by MK571

Baseline Saline Isoproterenol Baseline MK Isoproterenol
Young Young with MK571

Echocardiography (no. of rats) (n=28) (n=28)

HR (beats/min) 361+40 358+20 421 +30* 371+28 358+17 387+29

LV ejection fraction (%) 79+9 78+7 96+3* 83+5 87+5* 97 +£2*

LV shortening fraction (%) 46+6 45x7 72+8* 47+5 538" 715"
Arterial catheterization (no. of rats) (n=6) (n=4)

HR (beats/min) 440+17 450+33 530+23" 389+33 384 +41 525+50"

Mean arterial pressure (mmHg) 11615 110+ 11 61+8* 109+11 10712 60+8*

+dP/dt (mmHg/s) 2,800+566 2,600+860 6,733+1,115*  2,500+383 2,933+787 5,800+ 1,649"
Sarcomere kinetics (no. of cells) (n=43) (n=41)

PS (%) 10.7+2.3 NA 15.4+2.5 NA 9.5+3.0 15.3+2.4

TPS (ms) 11.8+£3.0 6.9+1.7 20.6+9.6 7.0+2.6

—dL/dt (mm/s) -3.0+0.8 -51+1.5 -2.1+1.0 -55+2.2

+dL/dt (mm/s) 2.7+1.0 3.7+1.4 1.7+11 3.9+13

TR90 (ms) 261+83 214+83 340+102 211+£59

Senescent Senescent with MK571

Echocardiography (no. of rats) (n=18) (n=28)

Heart rate (beats/min) 327+13 322+10 333+13 335+12¢t 320+23 341 +21

LV ejection fraction (%) 81+4 80+3 89+3 78+2 79+3 92+3

LV shortening fraction (%) 464 44+3 54+4 422 432 61+5
Arterial catheterization (no. of rats) (n=4) (n=14)

HR (beats/min) 351+30 376+19 424 +36* 360+33 360+33 446+19"

Mean arterial pressure (mmHg) 118+16 113+28 73+44* 112+20 113+30 71+13*

+dP/dt (mmHg/s) 1,950+ 661 2,150+412 3,070+ 1,429 2,550+598 2,750+1,370 4,900+ 744"
Sarcomere kinetics (no. of cells) (n=41) (n=41)

PS (%) 9.5+3.0 NA 11.7+£3.3t NA 8.8+2.9 13.2+2.3

TPS (ms) 20.6+9.6 141571 20.9+8.3 11.0£3.2

—dL/dt (mm/s) -21+1.0 -3.0+1.3% -1.8+0.8 -3.7+1.2

+dL/dt (mm/s) 1.7+1.1 1.9+1.11 1.7+1.2 26+1.5

TR90 (ms) 340+102 316+65T 31667 290+74

Data are mean + SD. A is % of baseline value.

*P < 0.05 vs. baseline; TP < 0.05 vs. Young.

—dL/dt = maximum shortening velocity; +dL/dt = maximum relengthening velocity; +dP/dt = first derivative of arterial pressure; AFFI = changes in Fura-2
fluorescence intensity; HR = heart rate; LV = left ventricular; NA = not applicable; PS = peak shortening; TPS = time to peak shortening; TR90 = time to

90% relengthening.

fractions) in senescent hearts, as previously observed.®
vitro, the cardiomyocytes extracted from senescent rats
exhibited an impaired sarcomere shortening with pro-
longed duration of shortening (time to peak shortening)
and time to 90% relengthening consistent with the litera-
ture.>* The positive inotropic response to [3-adrenoceptor
stimulation was reduced in senescent rats both 7z vivo and
in vitro. The senescent heart displays different mechanisms
to preserve itself from an excessive work such as the reduc-
tion of positive chronotropic and inotropic effects of the
[-adrenergic stimulation. B-Adrenergic dysfunction may
contribute to long-term saving of heart function and
senescence adaptation. Unfortunately during the periop-
erative period, this B-adrenergic dysfunction limits cardiac
output adaptation and favors hemodynamic instability in
aging patients.’ Although [-blockers have been shown to
improve long-term survival in patients with chronic heart
failure and may be also beneficial during the perioperative

Anesthesiology 2015; 122:334-42 338

period, deleterious effects have also been clearly demon-
strated in the perioperative period when bleeding or post-
operative complications occur.?!

Several modifications in the (3-adrenergic signaling path-
way have been described in the senescent heart.>* Due to
decreased expression of 1- and f2-adrenoceptors, less
cAMP is produced in the senescent heart after isoproter-
enol. The effect of direct stimulation of adenylyl cyclase is
also reduced, but the effect of a cAMP analog is preserved,
confirming the crucial role of intracellular cAMP level in
the (-adrenergic response.® 3-adrenoceptor induces the
production of nitrite oxide by nitrite oxide synthase 1 that
activates protein kinase G which increases the catabolism of
cAMP by phosphodiesterase activation.> An increase in $3-
adrenoceptor expression and activity in the senescent heart?
contributes to the reduction of the positive inotropic effect
of B-adrenergic stimulation as we previously observed in the
diabetic cardiomyopathy.'
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Fig. 1. Comparison of the effect of isoproterenol on heart rate (HR) (A), mean arterial blood pressure (MAP) (B), positive first
derivative for maximal rates of arterial pressure development (+dP/dt) (C), and left ventricular shortening fraction (LVSF) (D) in
young and senescent rats with and without MK571. HR, MAP, and +dP/dt were obtained during invasive catheterization (n = 6
and 4, respectively), and LVSF was obtained during echography (n = 8 in each group). Data are mean + SD. *P < 0.05 versus

group without MK571; TP < 0.05 versus Young group.

The transmembrane protein MRP4 is known as an effluent
pump of cyclic nucleotides in platelets,* hepatic,” and renal
cells.”> MRP4 is overexpressed in the liver of female aging
mice.* In vascular smooth cells®!"* and cardiomyocytes,’
MRP4 is known to control the efflux of cCAMP. In cultured
cells, MRP4 could regulate the submembrane pool of cAMP by
efflux and interaction with phosphodiesterases.!® In this con-
text, the large MRP4 overexpression observed in senescent rats
suggests a pathway for increased removal from the myocyte of
cAMP that was synthesized after 3-adrenoceptor stimulation.
Such cAMP elimination from the cell could markedly decrease
the positive inotropic effect of B-adrenergic stimulation.

MK571 has been used as a specific inhibitor of
MRP4.7#1112 The effect of MK571 is rapid and constant
after intravenous administration.!>?¢ Inhibition of MRP4
by MK571 induces an elevation in cAMP intracellular
concentration in vascular smooth cells®'! and cardiomyo-
cytes.!? Combined inhibition of MRP4 and phosphodi-
esterases induces an elevation of cAMP more important
than with isolated inhibition of MRP4 suggesting that the
two mechanisms may be additive.!' Inhibition of MRP4
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by MK571 enhanced the chronotropic effect of isopro-
terenol in neonatal mice cardiomyocytes.'? In our study,
MK571 had no or little effect on in vivo or in vitro con-
tractility before P-adrenergic stimulation. This result is
consistent with the fact that MK571 is not a direct agonist
of B-adrenoceptors and MRP4 only affects submembrane
compartment of cAMP produced after 3-adrenergic stimu-
lation.” The elevation of cAMP after isoproterenol stimula-
tion of isolated cardiac myocytes from 9-month-old mice
is increased by silencing of MRP4.” In agreement with
these results, we demonstrated here that MRP4 inhibition
restored the positive inotropic effect of P-adrenoceptors
stimulation both 77 vive and in vitro in the senescent rats.
MRP4 may extrude the cAMP produced by B-adrenoceptor
stimulation by isoproterenol and may limit the increase in
intracellular second messenger concentration. The intra-
cellular calcium level closely reflects the contractility of a
muscle as it is directly involved in the actin/myosin interac-
tion and muscle shortening. The B-adrenergic stimulation
induces a positive inotropic effect via cAMP production
which activates the protein kinase A. Activation of protein
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Fig. 2. Sarcomere kinetics: comparison of the effect of iso-
proterenol on the peak shortening (PS) amplitude (A), time to
PS (B), and maximum velocity of shortening (-dL/dt) (C) in
young and senescent rats with and without MK571 (n = 41 to
43 cells in each group). Data are mean + SD. *P < 0.05 versus
group without MK571; TP < 0.05 versus Young group.

kinase A increases calcium transient after phosphorylation
of targeted proteins (calcium channel, ryanodine recep-
tor, sarco-endoplasmic reticulum ATPase, and troponin).
Since calcium transient was altered in senescent cardio-
myocytes and since we observed an increase in calcium
transient amplitude and sarcomere shortening induced by
[-adrenergic stimulation after MK571 pretreatment, we
can conclude that MRP4 overexpression plays a role in the
altered inotropic response of [-adrenergic stimulation in
the senescent heart.

Anesthesiology 2015; 122:334-42

MRP4 and p-Adrenergic Stimulation in Senescent Heart
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Fig. 3. Calcium transient: comparison of the effect of isopro-
terenol (10-6 M) on the amplitude of calcium transient (chang-
es in Fura2-fluorescence intensity [AFFI]) (A) and time decay
constant of the calcium transient (tau) (B) in isolated cardio-
myocytes from young and senescent rats with and without
MK571 (n = 41 to 43 cells in each group). Data are mean + SD.
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Fig. 4. Representative Western blot (A) and normalized den-
sitometric data (B) showing left ventricular expression of mul-
tidrug resistance protein 4 (MRP4) compared with glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) in young and
senescent rats (n = 8 in each group). Data are mean + SD.
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The following points have to be considered to assess the
clinical relevance of our results. First, these experiments were
conducted in rats and the results may not be generalized to
humans as rat myocardium exhibits several differences with
human myocardium, including MRP4 expression and func-
tion.”” Further experiments are mandatory to confirm the
increased expression and the role of MRP4 in the human
senescent heart. Second, in vivo studies require anesthe-
tized animals. We used isoflurane inhalation for echocar-
diography and pentobarbital for arterial blood pressure
recordings. Halogenated agents are known to interfere with
[-adrenergic stimulation in different cardiomyopathies,'*
but our results are consistent, regardless of the anesthetic
technique used. Since the isoproterenol-induced increase
in HR seems to be blunted by MK571 in young rats dur-
ing echography (i.e., with isoflurane) but not during arte-
rial catheterization (i.c., with pentobarbital), we cannot rule
out the hypothesis that an interaction between MK571 and
baroreflex activity was differentially altered by anesthetics
in vivo. Third, in vitro experiments may be affected by a
selection bias as cardiomyocytes surviving to cell isolation
may differ from the more disabled ones present in the total
heart. Fourth, we elected not to directly measure cAMP or
cyclic guanosine monophophate concentrations since these
messenger molecules are compartmentalized within the cell,
and average cellular concentrations may not reflect critical
concentrations at near relevant kinase mediators within
the cell. Furthermore, MRP4 has been located in caveolae
near from (-adrenoceptors and we think it could effectively
act on this pool of cAMDP, not necessarily on the whole cell
cAMP mean concentration.” Fifth, we used MK571 to
selectively inhibit MRP4. This drug is also an inhibitor of
the CysLT 1receptor for leukotrienes D4.!>28 The inhibition
of CysLT1 and CysLT2 receptors by MK571 could allevi-
ate the negative inotropic effect due to leukotrienes D4 in
heart and be confusing in interpretation of our results.!”?
However, inhibition of CysLT1 and CysLT2 receptors by
BAY-u9773 did not modify the response to isoproterenol
in young cardiomyocytes and CysL'I'l1 and CysLT2 recep-
tor expressions were not significantly modified in senescent
hearts. In the same manner, that we cannot rule out the pos-
sibility that the iz vivo effects of MK571 could also be mod-
ulated by CysLT1 receptors in vascular smooth muscle.*
Sixth, in a therapeutic view, chronic inhibition of MRP4
may alter other organ function or may be compensated by
an increase in phosphodiestereases.

In conclusion, we observed that MRP4 is overexpressed
in the heart of senescent rats and plays an important role
in the altered positive inotropic response to 3-adrenoceptor
stimulation.
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