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Protective Effect of Pretreatment With the Calcium Antagonist
Anipamil on the Ischemic-Reperfused Rat Myocardium: A
Phosphorus-31 Nuclear Magnetic Resonance Study

J. HANS KIRKELS, MD, TOM §.C. RUIGROK, PuD, FACC. CEES J.A. VAN ECHTELD, PuD,

FRITS L. ME[JLER. MD, FACC
Utrecht, The Netherlands

To assess whether the prophylactic administration of ani-
pamil, a new calcium antagonist, protects the heart against
the effects of ischemia and reperfusion, rats “vere injected
intraperitaneally twice daily for 5 days with 5 mglkg body
weight of this drug. The heart was then isolated and
perfused by the Langendorfl technique. Phosphorus-3t
nuclear magnetic resonance spectroscopy was used to mon-
itor ial energy lism and i pH
during control perfusion and 30 min of total ischemia
{37°C), followed by 30 min of reperfusion.

Pretreatment with anipamil aitered neither left ventri-
cular developed pressure under normexic conditions nor
the rate and extent of ion of i

mals recovered significantly better than untreated hearts
with respect to replenishment of ATP and creatine phos-
phate stares, restitution of low levels of intraceliular inor-
ganic phosphate and rerovery of left ventricular function
and coronary flow. Intraceliufar pH recovered vapidly to
preischemic levels, whereas in untreated hearts a complex

peak indi the exist-
ence of areas of different pH within the myocardium.
Mtis fed that anipamil p protects the

heart against some of the deleterious effects of ischemia and
reperfusion. Because this rotection occurred in the ab-
sence of a negative inofropic effect during normoxia, it

{ATP) and creatine phosphate during ischemia. Intracellu-
lar acidification, however, was attenvated.
On reperfusion, hearts from anipamil-pretreated ani-

cannot he ibuted to an energy-sparing effect during
ischemia. Therefore, alternative mechanisms of action are
to be considered.

(J Am Coll Cardiol 1988;11:1087-93)

Severe myocardial ischemia results in a number of events,
including depletion of high energy phosphate stores (1,2),
intracellutar acidification (3,4), loss of ionic homeostasis and
mitochondriat 2nad membrane damage (5). ultimately leading
to cell death. To date, the exact sequence of events and the
relative importance of several contributing mechanisms are
still unclear. The only way to stop this process, however. is
by timely reestablishment of coronary flow (6), although
after a critical period of ischemia this may paradoxically
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extend or accelerate ischemic cell damage (5,7.8). Reperfu-
ston before this critical period will cause either uncompli-
cated recovery or delayed restoration of metabolism and
function (**stunned myocardium™) (9).

Because ischemia-reperfusion damage in myocardial cells
is associated with the accumulation of calcium (Ca®*) ions in
the cyloplasm and mitochondrial matrix (6,10.11). calcium
antagonists have been used to protect the myocardium
during ischemia {2,12,13) and subsequemt reperfusion
(14,15). Several mechanisms for their effectiveness have
been proposed {16), including afterload reduction by periph-
eral arlerjal vasodilation, negativc inotropic and chronotro-
pic effects reduci y dial oxygen ion and
coronary vasodilation and enhancement of collateral flow
improving blocd supply 1o the jeopardized tissue {17). The
combination of these effects would help to maintain the
balance of energy expenditure and supply under circum-
stances of impaired oxygen and sut ilability. More
recently, additional direct cffects of calcium antagonists
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have been postulated on myocardial metabolism (18), the
myocardial cell membrane (19} or cellular viability (20.21)
during ischemia and reperfusion.

The aim of this study was to determine whether the
prophylactic treatment of rats with anipamil, a new calcium
antagonist, protects the isoated heart during ischemia and
subsequent reperfusion with regard to high energy phos-
phate metabolism, intracellular pH and cardiac function.
Anipamil is a highly lipophilic verapamil-type calcium antag-
onist intended for long-lasting antihypertensive and cardio-
protective action (22).

The p ial of phosphorus-31 nuclear reso-
nance (*'P-NMR) spectroscopy to evaluate the protective
effect of a calcium ist was first d ated by

Nunnally and Botiomley (23). We have used this technique

10 nondestrucuvely follow the time course in phosphorus-
bolites and i llular pH (2,4,29) with a

simullaneous determination of left ventricular function.

Methods

Animal preparation. Male Wistar rals, weighing 300 to
350 . received twice daily intraperitoneal injections contain-
ing either 5 mg/kg body weight anipamil (Knoll AG) dis-
solved in 5% glucose solution or the solvent without the
drug. On the 5th day of this regimen. 2 h after the last
injection, the ruis were anesthetized with ether and hepari-
nized; the heart was then rapidly excised. Perfusion was

started by the | i ique al a pressure
nf 75 mm Hg as previously described (2). The heart was
the experi at 300 beats/min by

two sodium chloride wick electrodes sutured to the right
ventricle. Left ventricular pressure was measured by way of
a perfusate-filled open catheter inserted through the apex
(25,26). The difference between peak systolic and end-
diastolic pressure was considered 1o be the left veniricular
developed pressure. The heart was placed in a 20 mm NMR
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Fignr: 1. *'P-NMR spectra and simultanecus left ventricular pres-

tube with a capillary containing methylene diphospl
for spectral reference. The glass tube with the submerged
heart was then lowered inta the magnet. The effluent was

i from an d (A,C,E) and an anipamil-
prelrealed {B,D,F) rat heart during control perfusion (A,B), between
15 and 20 min of |5chemm (C.D) and between 25 and 30 min of

3 C 3 i icn (E F) b d peaks are: 1, lul

collected in § min fractions for determination of coronary hosphate (B); 2, {lular P;; 3, creatine ph 457 v a
flow. Myocardial temperature was carefully maintained at  and S-ph group of adenosine tri and 6, nicotin-
37°C. amide adenine dinucleotide.

NMR methods. >'P-NMR spectra were obtained on a
Bruker MSL 200 spectrometer equipped with a 4.7 tesla
vertical bore magnet. No field frequency lock was used. Five

(B). Intra- and extracellular pH were calculaled from the

minute spectra were ob d from 128 lated free
induction decays after 90° pulses repeated at 2.3 s intervals,
The dala were d using a 2K ti ble and 5,000
Hz spectral widih. Exponential multiplication resulting in 10
Hz line broadening was applicd and bascline corrcction was
performed on the spectra. Figure | shows typical

hemical shift of the resp hate peaks
relative to methylene diphosphonate. Zero pans per million
was assigned to creatine phosphate (2,4). Quantitation of
metabolites was achieved by integrating the areas under
individual peaks of inlerest in each spectrum, with the

of spectra obtained during preischemic control perfusion of a
heart from an untreated (A) and an anipamil-pretreated rat

beta-phosphate peak of adi ine triphosphate (ATP) rep-
resenting ATP levels. Data on high energy phosphate metab-
olites arc presented as changes relative to the average of
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Table 1. Effects of Pretreatment With Anipami! on Myocardial Function and Cororary Flow of Isolaled Rat Hearts During Control

Perfusion und After 30 min of Reperfusion Following 30 min of Total Ischemina

Preischemic

Reperfusion
LvDP CF LVEDP 1voe CF LVEDP
{mm Hg) imbminl (mm Hy tm He) (mbmin} fmm Hep
Untreated 854 30 132 =32 409 KM RN S R1e22 313 x243
w=1n
Anipamil- 824 £ 68 6220 13 x0g R =189 a2 Ta AN
pretreated
=25

*p < 00001 v, untreated: CF = coronury Row: LVDP = lefi ventricular developed oressure: LV EDP

three successive control measurements preceding ischemia.
Data were processed in a blinded fashion. Levels of intra-
cellular inorgamic phosphale {P;) are expressed as a percent-
age of the total amount of phoesphate groups from creatine
phosphate (CP), ATP nd intracellular P; during prei
control perfusion:

PACP + 3ATP + Pyt petuion X 100%.

Creatine phosphate and intracellular P; were corrected for
partial saturation; the saturation factors 1.5 and 1.1, respec-
tively, were determined using a 10 s recycle time.

Experimental protocol. After 30 to 35 min of control
perfusion, all hearts were made totally ischemic for 30 min
by cross-clamping the perfusion line: this period was fol-
lowed by 30 min of reperfusion. During the control periad
the hearts were allowed to stabilize for about 15 min.
Subsequently, three spectra were recorded during control
perfusion, six during ischemia and six during reperfusion.

Statistical analysis. Results are presented as mean =
standard deviation (SD) of 25 anipamil and 13 control
experiments, Because consecutive measurements were per-
formed on each heart to establish the time course in phos-
phorus-containing metabolites and pH. differences between
treated and untreated hearts were statistically evaluated by

*‘analysis of variance with repeated mcasuremenlq (27 28).

A test resuit with a p value <0.05 was considered

= left ventricular end-diastolic pressnre.

perfusion there was no significant difference in contractile
performance hetween anipamil-pretreaied and unireated
hearts, whereas functional recovery after ischemia and re-
perfusion was significantly better in the anipamil group.
Moreover, contracture, as indicated by the increase in
end-diastolic pressure, was less pronounced in trealed
hearts. During ischemia. left ventricular developed pressure
decreased rapidly to zero in both groups and the period of
still detectabie contractile activity was equal (2.5 to 3 min).
On reperfusion, contraction usually began with a period of
ventricular fibrilation or chaotic vemricular arrhythmia,
which gradually gave way to stable contractile function. As
this process showed large variations. only values for left
ventricular developed pressure at the end of reperfusion are
presented.

Coronary flow during preischemic control perf. .ion in
treated hearts was not significantly different from flow in
untreated hearts (Table 1), indicating that there was no
vasodilation due to anipamil pretreatment. Like recovery of

hanical fi ion, r ion of coronary flow on reper-
fusion was more complete in the anipamif group and even
exceeded flow rates during contro! perfusion. In untreated
hearts & considerable reduction in coronary flow was ob-
served after ischemia.

NMR spectroscopy: creatine phosphate, ATP and inor-

Data on ischemia and reperfusmn were treated sepamtely in
addition, data on creatine phosphate, ATP and intr: )
P, during reperfusion were analyzed for the oczurrence of a
steady state. as were pH data during ischemia.

Results

Myocardial function and coronary flow. Typical examples
of left veniricular pressure recordings obtained during con-
trol perfusion, ischemia and reperfusion from an untreated
and an anipamil-pretreated heaii are shown in Figure |.
Table | summarizes values for left ventricular developed
pressure and end-diastolic pressure during preischemic con-
trol perfusion and at the end of reperfusion. During control

ganic phosy (P;). Figure 1 shows examples of *'P-NMR
spectra with simultaneous left ventricular pressure record-
ings during control perfusion (A and B). between 5 and 20
min of ischemia (C and D) and at the end of reperfusion (E
and F), oblained from an untreated heart (A.C.E) and a heart
from an ampamnl—prelrca!ed fat (B D F) They illustrate the
similarity of d and P hearts in

hosphorus: ini bolites during control perfusion
and |schem|d bul not during reperfusion. Figure 2 summa-
rizes creatine phosphate. ATP and intracellular P, levels in
hearts from untreated and anipamil-pretreated rats during
ischemia and reperfusion. The depletion of high energy
phosphates during ischemia, which was balanced by a simul-
taneous accumulation of intraceflular P;, was similar in both
Broups.
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Figure 3. Effect of pretreatment of rats with anipamil on intracellular
pH of their isolated perfused heart during 30 min of globa! ischemia
followed by 30 min of reperfusion, as assessed with Mp.NMR

. During of the d heart, a complex
pattern in the intracellular P, region was observed, corresponding
with a range of intracellular pH values (see Fig. tE). The highest and
lowest values are indicated by the upper and lower dashed curves,
respectively. Each point represents the mean = SD of 25 pretreated
or 13 untreated hearts. After 10 min of ischemia, pH in treated
hearts was signil y higher than in d hearts. *p < 0.0001
versus untreated.

were replenished, the difference between treated and un-
treated hearts being significant (p < 0.000%). Recovery of
ATP in anipamil-pretreated hearts was also better than in
untreated hearts {p < 0.0001), but no complete restoration of
ATP was found. Statistical analysis indicated that after 10
min of reperfusion, no further improvement of high energy

hasphate metabolites occurred. Pretreatment with ampannl

0 10 20 30 40 50 6¢
Time {min}

Figure 2. Effect of pretreatment of rats with anipamil on the time
coursc in levels of (A) creatine phosphate (CP); (B) adenosine

alsc helped to restore low levels of mlracellular P m
d hearts, i llular P; levels

even after 30 min of reperfusion and were significantly higher

than in treated hearts (p < 0.0001). The major changes in

triphosphate (ATP); and (C) i Hulzr inorganic phosphate (P) as
measured with 'P-NMR in i
min of Rormothermic global ischemia followed by 30 min of reper-
fusion. CP and ATP levels are expresqed as a percem of Ihalr
respective preischemic values. |

intraceliular P; levels took place during the first 10 min of
reperfusion, bul no real steady state was reached.
Intracellutar pH. During preischemic control perfusion

percent of the amount of phosphalc groups rmm CP, ATP and

llular P; during preisch conlrol perfusion: PJ[CP +
IATP + P],,,mcm..,“S % 100%. Measurements were obtained from
consecutive 5 min *'P-NMR spectra. Each point represents the
mean * SD of 25 anipamil-pretreated or 13 untreated hearts. During
ischemiz, treated and untreated hearts were not different, whereas
during reperfusion, recovery of CP and ATP was significantly better
in treated hearts and intracellular P, levels were lower. *p < 0.0001
versus untreated.

Reperfusion induced a rup:d and complcle restoration of
creatine phosphate in L-pretreated hearts, whereas

llular pH was not affected by pretreatment with
anipamil (Fig. 3), but after 10 min of ischemia acidification of
the cytosol was attenuated as compared with that in un-
treated hearts (p < 0.0001). Unlike depletion of high energy
hospt during i which was unaffected by ani-
pamil pretreatment, pH values stabilized at a higher level in
the heart of the anipamil-pretreated rat than in the untreated
heart.

During reperfusion, intracellular pH rapidly recovered to
preischemic values in treated hearts, whereas in untreated
hearts the *'P-NMR spectra were often characterized by
the presence of multiple intracellular P, peaks (Fig. 1E)

in untreated hearts only about 40% of prei levels

cor ing with different pH values within the myocar-
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dium (29). Despite this incomplete or inhomogencous reper-
fusion, the main P; peak corresponded with a pH o€ 7.00 10
7.10.

Discussion

‘These results demonstrale that the isolated perfused heart
of the rat pretreated with the new calcium antagonist anips-
mil is protected against some of the effects of total ischemia
and reperfusion. Intracellufar acidosis during ischemia wes
attenuated. On reperfusion. the heart in the anipamil-
pretreated animals showed a significantly better recovery of
biochemical and functional variables than did the untreated
heart.

Previous studies, Itis gencrally aceepted that, for optimal
protection against ischemia-reperfusion~induced damage.
calcium antagonists should be present before or. at the
tatest, during the ischemic event {30.31). The protective
effect of calcium antagonists is commonly atiributed to the
en2rgy-spariag effect during ischemia due to their negative
inotropic propertics (2.7,11,13.15.32-35). In that way. more
energy would remain available for the maintenance of cellu-
lar ionic hemeostasis. particularly with respect to sodium
{Na*) and calcinm (Ca2*) ions.

On the other band. there is cvidence that mechanisms
unrelated to reduction of cardiac work may play a role in the
protection exerted by calcium antagonists. Fienry and Waht
(36) demonstrated that hypoxic contracture in electrically
and mechanically gui myocardium was supp d by
diftiazem and nifedipine, thereby excluding a protective
effect in terms of energy conservation. Otkers (18.20) re-
ported protection of isolated rat hearts in the presence of
diltiazem, nifedipine and verapamil at such a low concentra-
tion that no negative inotropic effect could be observed.
They suggested a direct preservation of cellular viability (201
and a direct beneficial effect on the energy metabolism of the
ischemic heart (18).

To date, only a few studies on the cardioprotective action
of anipamil are Hable. Raschack and Kirch k%))
I d that ST elevation and p ium refease aiter
coronary artery occl in pigs were by anipa-
mil. Brezinski ¢t al. (21), who ligated the left amierior
descending coronary artery of cats in vivo, found cardiopro-
1ection without reduced oxygen demand in the presence of

ipamil. They proposed a direct cy ive action of
anipamil during ischemia. Curtis et al. (38) studied the efiects
of anipamil in rats in vivo afier coronary aniery ligation and
observed an antiarrhythmic effect during ischemia without
changes of heart rate and blood pressure during the pre-
ischemic period.

Biochemical and 1 effects of anipamil. In our
study. no negative inotropic effect was observed in the
isolated heart of anipamil-pretreated rats. It is in accordance
with this finding thal neither the rate por the extent of
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depletion of adenosine lriphosphate (ATP) and creatine
phaosphate during ischemia was attenuated. Despite the lack
of an energy-sparing effect during ischemia. recovery of high
enerey phosphates and cardiac function during reperfusion
was better than in untreated hearts and contracture was
prevented.

Adipari] pretreatment asa improved restoration of cor-
onary flow of the isoluted heurt during reperfusion as com-
parcd with the untreated heart. It is questionable whether
this 15 a direct consequence of vasodilation by anipamil,
because coronary flow under preischemic conditions was not
different in treated and unireated hearts. In our experimental
mode]. impaired reperfusion after transient ischemia (no
reflow phenomenon) may be due to endothelial celt swelling
and vasoconsiriction and myocardial cell swelling and con-
tracture of myocytes (31.39). Although prevention of con-
tracture by anipamil (Table I} may contribute tu a better
reperfusion. it may not be a complete explanation because
nifedipine was found to improve coronary flow during reper-
fusion without reduction of contracture (31). We propose
thal either direet cyloprotective effects (20.21) or a rapid
recovery of cardiac metabolism enables 2 better control of
transmembrane ionic currents and cytosolic osmalarity in
both vascufar cells and myocytes, thereby preventing the
formation of edema and contracture. This in turn will en-
hance lissue perfusion and may further facilitate aerobic
metabolism.

Intracelfular pH. In our experiments, the major differ-
ence during ischemia between treated and untreated hearts
appeared 10 be the intraceilular pH. which stabilized at a
significantly higher level in ireated hearts. A limitation of the
amount of hydrogen ions generated during ischemia may
reduce the cellular uptake of Ca®* at the onset of reperfusion
by way of the sarcolemmal H™/Na™ and Na*/Ca*" exchange
mechanisms {40). Because uncontrolled influx of Ca?" into
the cells is one of the crucial steps in the development of
reperfusion damage (6.10.11). limitation of the production of
hydrogen ions during ischemia would eventually Facilitate
recovery of the myocardium.

There are severatl possible explanations for the attenuu-
tion of intracelllar acidosis during ischemia in the anipa-
mil-treated hearts. Because Ca®” is known to siimulate the
conversion of phoesphorylase b into ph Viase a, which
is necessary for the breakdown of glycogen (41), limitation of
Ca*" influx during ischemia would contribute to a reduction
of glycogen degradation and a concomitant attenuaticn of
imtracellular acidosis (42). It has been shown for several
caicinm antagonists (12,20} that a limitation of C2°* influx
during ischemia can occur even in the absence of energy-
sparing effects. It is conceivable that such a limitation of
Ca* influx is not necessarily the result of a direct interac-
lion between calcium ists and the slow channels, but
may also be mediated by a reduced release of catechola-
mincs {43), which activate the slow channels and augment
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Ca®" influx. It is also possible that catecholamine stores
were already depleted because of the pretreaiment of the
animals, as has been shown for other verapamil-type calcium
antagonists {30.44.45). A decreased availability of catechol-
amines during ischemia will also reduce the cyclic adenosine
monopt {cAMP)-mediated degradation of glycogen.

Alternative mechanism. It is uncertain whether the influx
of Ca®* carly during rcperfusion is mediated by the slow
channels because these may be inactivated by acidosis and
dephosphorylation (46). In most studies (31-33) the presence
of calcium antagonists only during reperfusion failed to
reduce reperfusion damage. However, Weishaar and Bing
(35) suggested a limitation of the massive Ca’* influx during
reperfusion by diltiazem. More likely routes for Ca** entry
are the Na'/Ca®* exchange mechanism (40), as mentioned
before, and an increased membrane permeability for Ca®*
{6,20,47).

Therefore, the protection exerted by anipamil may also
be related to effects on the cell membrane. In particular. the
phenylalkyiamines {like verapamil and anipamil) are sup-
posed 1o exert their effects by initially dissolving into the
phospholipid bitayer and subsequently migrating toward the
slow channels (48). Anipamil would be a perfect candidate
for such a mode of action because of its highly lipophilic
properties. In addilion. its presence in the phospholipid
bilayer could make the sarcolemma less sensitive to Ca**-
induced conformational changes during ischemia and reper-
fusion (49). By maintaining sarcolemmal integrity (19} during
ischemia and reperfusion, excessive entry of Ca®* and
irreversible cell damage would then be prevented. Addi-
tional experiments will be needed to elucidate the exact
mechanism of myocardial protection by anipamil.

Conclusions. Pretreatment of rats with anipamil pro-
tected their isolated heart against ischemia-reperfusion-in-
duced damage. In contrasi to most in vitro studies with
calcium antagonists, in which protection can be attributed 10
a negative inotropic effect that in the in vivo situation might
be overcome by compensatory mechanisms, in our experi-
ments pretreatment with anipamil did not impair contractile
performance of the heart. Because anipamil appeared 1o be
an effective rug 10 prevent the aggravation or acceleration
of ischemic daiage by reperfusion, it may be a promising
tool for clinical practice in which reperfusion is of increasing
imporiance.

We thank Pieter van der Meer and Dirk de Moes for excellent technicul
assistance and Ingeborg van der Tweel for statistical advice. Anipamil was
Kindly supplied by Knoll AG, Ludwigshafen. F.R.G.
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