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FK506 does not affect cardiac contractility and adrenergic
response in vitro
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Abstract

FK506 (tacrolimus) is a new immunosuppressant being used in cardiac alograft transplantation. While cyclosporine A has been shown
to exert an acute negative inotropic effect on isolated heart muscle preparations, little is known of the inotropic influence of FK506. The
Ca?" release channel of human skeletal muscle and cardiac muscle is associated with FK506 binding proteins (FKBP), FKBP12 and
FKBP12.6, respectively. FKBPs can be dissociated by treatment with FK506. As a consequence of FK506 exposure, isolated skeletal
muscle and cardiac muscle ryanodine receptors show altered gating characteristics. Therefore, we analyzed the direct inotropic effect of
FK506 exposure to isolated, intact heart muscle preparations from the human and rabbits. Experiments were performed on isolated,
electrically stimulated right atrial auricular muscle strips obtained from human myocardium during elective open heart surgery and on
intact right ventricular trabeculae from rabbit hearts. The human preparations were exposed to concentrations of 8 X 107°, 8 x 10~ and
8 X 1075 M FK506 followed by a cumulative dose—response curve with isoprenaline as a non-selective B-adrenoceptor agonist. Our data
suggest that FK506 does not exert any positive or negative inotropic effect in either human or rabbit myocardium. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

FK506 (tacrolimus) is an immunosuppressant, isolated
in 1984 from Streptomyces tsukubaensis, and is claimed to
be an effective drug against alograft rejection (Winkler
and Christians, 1995). Like cyclosporine A and rapamycin,
FK506 belongs to a family of immunosuppressant drugs
suppressing T-cell activity, interleukin 2-mediated activa
tion of cytotoxic T-cells or interleukin 2 induction, respec-
tively. All three drugs bind to immunophilins, which are
the intracellular receptors of these drugs. FK506 binds
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specifically to the immunophilin FK506 binding proteins
(FKBP), which are ubiquitously expressed proteins with
cis-trans peptidyl-prolyl isomerase activity (Groth, 1995;
Harding et al., 1989). The FK506—FKBP12 complex binds
to the A-subunit of the Ca®"-calmodulin-dependent ser-
ine/threonine phosphatase, calcineurin, inhibits its enzyme
activity (Bierer et al., 1990; Griffith et al., 1995) and hence
the trandocation of NF-AT4 to the nucleus, which is
regarded as the key step in the initiation of interleukin 2
transcription and subsequent T-cell activation (Shibasaki et
al., 1996).

Physiological intracellular targets of FKBPs are Ca?*
release channels such as the cardiac and skeletal muscle
ryanodine receptor and the inositol-(1,4,5)-trisphosphate
receptor (Cameron et al., 1995a,b; Lam et al., 1995b;
Timerman et al., 1993, 1994). The ryanodine receptor
represents the intracellular Ca?* release channel involved
in excitation—contraction coupling in striated muscle cells
located on the sarcoplasmic side of the triadic structure
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(Block et al., 1988; Caterall, 1991; McPherson and Camp-
bell, 1993; Otsu et a., 1990; Zorzato et al., 1990). At least
two different isoforms are expressed in striated muscles,
which are specific for cardiac or skeletal muscle, respec-
tively. The skeletal ryanodine receptor is tightly associated
with FKBP12, whereas the cardiac ryanodine receptor
binds to FKBP12.6 (Kaftan et al., 1996; Lam et a.,
1995a,b; Timerman et al., 1996; Xin et a., 1999).

The binding of FK506 to FKBPs causes dissociation of
the complex from both the cardiac and the skeletal ryan-
odine receptor (Lam et al., 1995b; Timerman et al., 1993,
1995). FK506 binding to native vesicles of terminal cister-
nae aters the gating characteristics of the Ca?* release
channel in rabbit skeletal muscle (Ahern et d., 1994)
incorporated in bilayers by increasing mean open time and
Ca®" pesk release (Brillantes et a., 1994). In cardiac
muscle, however, the incubation with FK506 does not
influence the gating characteristics of single-channel
preparations although FKBP12 and FKBP12.6 are present
in cardiac cytosol (Timerman et d., 1996). On the other
hand, in rat heart cells, FK506 had effects on the duration
of spontaneous and depolarization-evoked Ca?* sparks
(Xiao et d., 1997). An increased open probability of the
cardiac ryanodine receptor was also recently reported for
FKBP12-deficient mice (Shou et a., 1998).

Recently, binding of FKBP12.6 to the cardiac ryanodine
receptor has been shown to be regulated by protein kinase
A phosphorylation of the channel subunits. Protein kinase
A phosphorylation of the cardiac ryanodine receptor disso-
ciates FKBP12.6 and alters channel characteristics (Marx
et al., 2000).

It is noteworthy that cyclosporine A causes a direct
cardio-depressive effect at clinically relevant concentra-
tions. Cyclosporine A depresses contractility of isolated
human heart and rabbit heart preparations by up to 50%,
most likely due to aterations in sarcoplasmic reticulum
Ca?*-handling (Janssen et al., 2000).

These findings do not alow an interaction of FK506
with the contractile state of the human myocardium to be
excluded. In this study, we have therefore examined the
influence of FK506 on contractile behaviour and its puta-
tive influence on adrenergic regulation of excitation—con-
traction coupling in isolated human cardiac muscle trabec-
ulae obtained during €elective open heart surgery, and on
right ventricular trabeculae from rabbit hearts.

2. Material and methods
2.1. Human atrial experiments

Experiments were performed on isolated, electrically
stimulated right atrial auricular muscle strips obtained
from human myocardium during elective open heart
surgery. The use of human cardiac tissue was approved by
the local ethics committee and after informed consent of

the patients. Preparation of atrial tissue began within 5-10
min of surgica remova in oxygenated Krebs—Henseleit
solution at room temperature. The right atrial appendages
were dissected to yield trabecular strips (4-5 mm in length
and 1 mm or less in diameter) without endocardial damage
and with fibers running parallel to the length.

Human preparations were mounted in 10-ml organ baths
containing Krebs—Henseleit solution of the following com-
position [mM]: 118.2 NaCl, 4.8 KCI, 1.2 MgCl,, 25
CaCl,, 1.2 NaH ,PO,, 24.9 NaHCOj,, 10 glucose, pH 7.4;
equilibrated with 95% O, /5% CO, at 37 °C. Myocardia
strips were electrically stimulated by square wave pulses
about 20% above threshold (3-8 V) at a frequency of
stimulation of 1 Hz (stimulator, Hugo Sachs Elektronik,
March Hustetten, Germany). Developed tension of the
preparation (maintained under a resting tension of 5 mN)
was recorded via a strain gauge on a chart recorder (Hel-
lige, Freiburg, Germany). Preparations were alowed to
equilibrate for 2 h.

After equilibration, FK506 (Fujisawa Japan) was added
to the bathing solution. FK506 was dissolved in 100%
ethanol. When FK506 was added, the control preparations
were exposed to the same concentration of ethanol. The
ethanol concentration did not exceed 0.06% (v /v). Muscle
strips were incubated for 30 min with concentrations of
8% 1079 8% 1078 and 8 x 10~ M FK506, followed by
a cumulative dose—response curve with isoprenaine as a
non-selective B-adrenoceptor agonist. Concentration—re-
sponse curves were monitored and compared to those from
control samples from the same cardiac donor and not
exposed to FK506.

2.2. Rabbit ventricular experiments

Right ventricular cardiac trabeculae were obtained from
adult chinchilla-bastard rabbits, weighing between 1.5 and
2.5 kg after sodium thiopental anaesthesia and hepariniza-
tion via the ear vein. Protocols for care and use of animals
conformed to ingtitutional guidelines. Preparations were
stimulated at 1 Hz and perfused with a Krebs—Henseleit
solution as described in detail previoudy (Janssen et d.,
2000).

Trabeculae were mounted between a KG-4 force trans-
ducer (Scientific Instruments, Heidelberg, Germany) and a
micro-displacement device (for details, see Janssen et al.,
2000). FK506 (maximal in 0.05% v /v ethanol) concentra-
tion—response curves were made by successively increas-
ing the concentration from 1071° to 107> M in logarith-
mic steps. A series of control experiments was performed
to assess the effect of ethanol; however, no inotropic
effects were observed at the maximal ethanol concentra-
tion used in the study. These control experiments were also
used to evaluate deterioration of the preparations over time
to possibly differentiate between active negative inotropic
effect and experimentally induced muscle fatigue.
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2.3. Calcineurin bioassay

Rabbit ventricular trabeculae were incubated as de-
scribed above. Muscles were homogenised and protein
extracts were used in a cellular calcineurin phosphatase
assay kit according to the manufacturers’ instructions (Bio-
mol, Germany). The assay uses the RII phosphopeptide as
substrate and the released free phosphate is detected.

2.4. Data analysis and statistics

Human data were analyzed from chart paper recordings.
Rabbit data were recorded and analyzed both on- and
off-line, using custom-written software in LabView (Na
tional Instruments, TX, USA). Muscles that had excessive
rundown during the equilibration period were discarded.
Student’ s t-test for paired or unpaired data was used where
applicable. A two-tailed value for P < 0.05 was taken as
significant. Data are represented as means + S.E.M. unless
stated otherwise.

3. Reaults

We tested myocardial samples of patients from various
New York Heart Association (NYHA) classifications. In
no case could we observe a FK506-induced change in
basal contractile force compared to that of the control
tissue even at the highest concentration, 8 X 10°% M (Fig.
1), and there was also no significant difference in basal
contractility depending on the NYHA classification of the
patient. Thus, neither a positive nor a negative inotropic
effect of FK506 was observed in human atria strips.

In order to examine whether FK506 modulates B-adren-
ergic effects on excitation—contraction coupling, we
recorded cumulative concentration—response curves of iso-
prenaline during FK506 exposure of human atrial my-
ocardium. The isoprenaline-stimulated force did not show
any differences between control and FK506-exposed mus-
cle strips (Fig. 2).
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Fig. 1. Changes in force of contraction of human atrial auricular tissue
exposed to different concentrations of FK506 for 30 min (mean+S.D.).
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Fig. 2. Isoprenaline concentration response curve of human atria trabecu-
lae incubated with 8 1078 M FK506 for 30 min [@] (n= 5). There was
no effect on B-adrenergic response compared with control tissue exposed
to solvent [O] (n=6; basal contractility 2 mN/mm?, maximal devel-
oped force after isoprenaline stimulation was up to 14 mN/mm?).

To assess the quality of our preparations, we calculated
the amount of force production per cross-section area in a
subset of human atria preparations by dividing the abso-
lute developed force by the apparent cross-sectional area.
During inotropic stimulation, this amounted to about 14
mN /mm?, comparable to previous observations in human
atrial muscle tissue.

These results were confirmed for rabbit muscle prepara
tions. No inotropic effect of FK506 was observed between
1071 and 107% M. However, at the extremely high
concentration of 107> M, FK506 displayed a slight posi-
tive inotropic effect (Fig. 3). Compared to control muscle
preparations that had lost 10% of their initial force at this
time during the protocol, developed force rose from 92%
(at 107% M) to 104% of the initial values at 10°° M.
Thus, the positive inotropic effect of FK506 at this concen-
tration was of the order of 10%. Twitch timing was not
influenced by FK506. Time from stimulation to peak
tension was 128 + 4 ms for the control and 127 + 4 with
107> M FK506, while time from peak tension to 50%
relaxation was 49 + 4 ms for the control and 48 + 4 ms
with 10~° M FK506.

In contrast, cyclosporine A exerted a pronounced nega-
tive inotropic effect at 10°’ M. Contractile force de-
creased by 45% compared to that in control preparations
(Fig. 3). Even after washout of the drug, a statistically
significant reduction in force development persisted.

The lack of an inotropic effect of FK506 up to a
concentration of 10~ M prompted us to examine whether
FK506 and cyclosporine A exerted any functional effect
on intact rabbit muscle preparations. Indeed, 107" M
FK506 inhibited cellular calcineurin phosphatase activity
by 53% when compared to control preparations, whereas
cyclosporine A (107 M) inhibited calcineurin by 30%
(n= 2 each; data not shown). These experiments showed
that both immunosuppressive drugs were taken up by the
muscle preparations from the organ bad solution. More-
over, FK506 appears to inhibit calcineurin more effectively
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Fig. 3. (Upper panel) Concentration—response curve in healthy rabbit
cardiac trabeculae for FK506 (n= 3, solid circles) versus solvent (n= 5,
open circles). Only at the highest concentration was a slight positive
inotropic effect observed. (Lower panel) Peak inotropic effect of FK506,
solvent (control) and cyclosporine A. Whereas FK506 displays a small,
fully reversible positive inotropic effect at 10°° M, cyclosporine A at
1077 M shows an acute negative inotropic effect, which persisted
somewhat after washout (cyclosporine A data partially adapted from
Janssen et al., 2000). “P <0.05 versus solvent (unpaired Student's
t-test).

than cyclosporine A, which is in agreement with the
clinical use of different target concentrationsin heart-trans-
planted patients (cyclosporine A, 125-208 nM; FK506,
6—18 nM). Thus, although FK506 appears to have a higher
specific inhibitory effect on calcineurin A activity, it has
less influence on the inotropy of cardiac muscle prepara
tions than does cyclosporine A.

4. Discussion

In this study, we have observed no direct inotropic
effect of FK506 on human atrial or rabbit ventricular
muscle preparations at physiologicaly relevant concentra-
tions of FK506. Only at the very high concentration of
107° M, was a dlight positive inotropic effect observed in
rabbit ventricular muscles. This positive inotropic effect is
in close agreement with results of a previous study on
isolated rabbit myocytes, where a small positive inotropic
effect was aso recorded (McCall et al., 1996).

FK506 is a highly hydrophobic substance. It is therefore
poorly absorbed after oral administration. The oral bio-
availabhility ranges between 5% and 67%, depending on the
patient, with peak plasma concentrations ranging from
05%x107° to 7Xx 107 ° M (0.4-5.6 png/l) after a single
oral dose of 0.15 mg/kg. The steady state plasma concen-
trations of FK506 in patients undergoing hepatic transplan-
tation were described to be in the range of 5.6 X 107 °—
17.9x 107° M (4.5-14.4 ng/D) (Jain et al., 1993; Peters
et a., 1993). However, the largest portion of FK506 is
transported in the blood via erythrocytes (75-80%). There-
fore, plasma concentrations of FK506 are suggested to be
10-30 times below that of whole blood samples. In the
plasma fraction, 88% of FK506 is bound to proteins of the
non-lipid fraction, especially to albumin and «-1 acid
glycoprotein (Peters et al., 1993).

In order to choose concentrations reflecting the situation
in patients undergoing orthotopic heart transplantation, we
tested three different concentrations distributed over a
broad range, reflecting the situation in plasma (8 x 10~°
M), or in whole blood (8 x 108 M), and a concentration
far exceeding these concentrations (8 X 10~ % M) (Peters et
al., 1993; Timerman et al., 1993).

The lack of any effect on contractility might reflect the
low bioavailability of FK506 to the myocardial tissue
sample from the solution in the organ bath. On the other
hand, we tested FK’506 in a concentration of up to 8 x 10~°
M, which is 10% times more than we would expect to be
the peak concentration in whole blood samples of patients
and is in the range of what is used to remove FKBP from
the isolated ryanodine receptor (Timerman et al., 1993).
Because a small positive inotropic effect was only ob-
served at the extremely high concentration of 107> M with
rabbit ventricular muscle preparations, this finding, al-
though intriguing, most likely has no functional or clinical
relevance.

Our results suggest that human cardiac contractility and
excitation—contraction coupling is not changed by short-
term FK506 exposure. Therefore, the native human cardiac
ryanodine receptor seems not to be influenced by therapeu-
tic FK506 dosages, which is in agreement with the data for
isolated cardiac ryanodine receptors (Timerman et al.,
1996). From these data, we would not expect negative
effects of FK506 immunosuppression on the contractile
status and adrenergic response of orthotopically trans-
planted human hearts. This is in sharp contrast to the
recent findings of a direct negative inotropic effect of
cyclosporine A in end-stage failing human myocardium as
well as in rabbit myocardium (Janssen et al., 2000).

On the other hand, there is a recent report that
FKBP12-knockout mice exhibited an altered open proba-
bility of cardiac ryanodine receptors but showed no effect
on the skeletal muscle ones. These data remain an enigma
because the cardiac ryanodine receptor was found to bind
FKBP12.6 but not FKBP12, athough this isoform is pre-
sent in cardiac cytoplasm (Timerman et a., 1996). More-



H. Milting et al. / European Journal of Pharmacology 430 (2001) 299-304 303

over, these mice showed dilated ventricles and an in-
creased incidence of ventricle septum defects (Shou et 4.,
1998), which might be comparable to what was observed
in FK506-immunosuppressed children after orthotopic heart
transplantation (Atkison et al., 1995). The incubation of
terminal cisternae vesicles with FK506 leads to dissocia-
tion of FKBP12 from the skeletal ryanodine receptors
(Timerman et a., 1993). Therefore, whether this animal
model reflects the genetic counterpart of the “pharmaco-
logically FKBP12-depleted” cardiac ryanodine receptor
needs to be investigated. Moreover, the observed hyper-
phosphorylation of the cardiac ryanodine receptor in fail-
ing human hearts was suggested as a possible underlying
mechanism for cardiac dysfunction in heart failure, be-
cause phosphorylation of the cardiac ryanodine receptor by
protein kinase A results in dissociation of FKBP12.6 and
destabilization of the channel (Marx et al., 2000). The lack
of any effect of FK506 could thus also be due to the fact
that the drug, which enters the cell, is completely buffered
by the soluble FKBP12 pool in the cytosal.

In summary, unlike cyclosporine A, FK506 exerts no
negative inotropic effect on myocardial contractility on a
short-term basis although it tends to have higher specific
inhibitory effects on calcineurin activity when compared to
cyclosporine A in our muscle preparations. From these
data, it can be concluded that the negative inotropic effect
of cyclosporine A is not due to inhibition of calcineurin,
but uses different pathways. Cyclosporine A binds to
cyclophilin A and the cyclosporine A—cyclophilin A com-
plex, like the FK506—FKBP complex, inhibits the phos-
phatase activity of calcineurin. Calcineurin is thought to
represent the molecular sensor that couples altered Ca2*
handling with cardiac hypertrophy and heart failure
(Molkentin et al., 1998; Olson and Williams, 2000). The
use of FK506 to obtain immunosuppression in cardiac
transplantation thus appears to be safe even with marginal
myocardial function as observed in severe regjection
episodes.
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