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ABSTRACT

AIM: To study the effects of N-n-butyl haloperidol iodide (F,) on rat heart ischemialreperfusion (I/R) injury and L-
type calcium current (I,) in rat ventricular myocytes. METHODS: Rat heart I/R injury was induced by occluding
the left anterior descending coronary artery for 30 min and restoring perfusion for 30 min. F, (1, 2, and 4 mg/kQ)
were iv injected before ischemia. Plasma creatine kinase (CK), creatine kinase isoenzyme MB (CK-MB), lactate
dehydrogenase (LDH), a-hydroxybutyrate dehydrogenase (HBDH), glutamic-oxal oacetic transaminase (GOT),
malondialdehyde (MDA) concentrations, and superoxide dismutase (SOD) activity were measured. The pathologic
changes of I/R myocardium were assessed by the transmission electron microscopy. Single rat ventricular myo-
cyte was obtained by enzymatic dissociation method. The currents were recorded with the whole-cell configura-
tion of the patch-clamp technique. RESULTS: F, reduced the release of CK, CK-MB, LDH, HBDH and GOT,
preserved the activity of SOD, and decreased the MDA contents dose-dependently. For morphology, F, mollified
the pathologic changes of myocardium induced by I/R injury. F, 1 umol/L decreased I, from (1775+360) pA to
(464+129) pA (n=8, P<0.01) and shifted the current-voltage of /., upward, without affecting the voltage-depend-
ent properties of I.,. CONCLUSION: F, played a protective role against rat heart I/R injury in a dose-dependent
manner, and inhibited I, in rat ventricular myocytes. The cardioprotective and vasodilatory mechanisms of F, may
be related to its inhibitory effect on L-type calcium channel.

INTRODUCTION
Haloperidol (Hal) is atypical antipsychotic agent
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and clinically used for the treatment of psychological
disorders such as schizophreniaand mania. Since 1993,
our past research had shown that Hal had effects on
vasodilation and anti-myocardial ischemia*¥. But its
side effects on the extrapyramidal system limited large
sample observation and further study. Therefore, in
order to eliminate the side effects of Hal on the centra
nervous system (CNS), the chemical structure of Hal
needs to be modified to decrease its passage through
the blood-brain barrier. Using the piperidine group, we
designed and synthesized a series of quaternary ammo-
nium salt derivatives of Hal. F, is one of these com-
pounds. It was named as N-n-butyl haloperidol iodide
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(Fig 1). Because of the high polarity and the low lipid
solubility of the quaternary ammonium salt, it would be
impossible for F, to pass through the blood-brain barrier.
So the extrapyramidal side effects would be minimized.
But the cardiac and vascular effects would hopefully
be preserved. The following research confirmed our
proposition. Rats treated with Hal deve-loped the
Parkinson-like syndrome, such asincreased muscle tone
and tremors, oculogyric response and ataxia. However,
F, did not result in any CNS reactions™. We further
found that F, antagonized the reduction of coronary flow
induced by pituitrin on guinea pig isolated heart!®,
blocked the porcine coronary artery strip contraction
induced by KCI'®l. F, was also shown to decrease the
intracellular calcium fluorescence intensity!”. In the
present study, the in vivo animal model of heart I/R
injury was used to examine the global effect of F, on
myocardia ischemia. Furthermore, we investigated the
effect of F, on /., with single enzymatically-dissociated
ventricular myocyte by the whole-cell configuration of
the patch-clamp technique to elucidate the cardiopro-
tective and vasodilatory mechanisms of F,.
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Fig 1. Chemical structure of N-n-butyl haloperidol iodide
(F)

MATERIALS AND METHODS

Treatment of myocardial ischemia and
reperfusion injury The model of heart I/R injury was
processed on anesthetized Sprague-Dawley rats (234
g+18 g, n=60), provided by Experimental Animal Cen-
ter of Shantou University Medical College, by themethod
similar to that previously described®®. The 60 rats were
randomly assigned into 6 groups: Group 1 (sham group,
n=10). The coronary artery was surrounded by asilk
thread but not ligated. Group 2 (I/R group, n=10). This
group consisted of rats undergoing ischemia 30 min
and reperfusion 30 min. Group 3 (Ver group, n=10).
The operation of this group was the same as |/R group,
but the rats received iv verapamil (2 mg/kg, Knoll AG,
Germany) before induction of ischemia. Group 4, 5, 6
(n=10, for each group). Theratswere giveniv F,1, 2,
and 4 mg/kg, respectively before induction of ischemia.

Determination of myocardial damage Creatine
kinase (CK), creatine kinase isoenzyme MB (CK-MB),
lactate dehydrogenase (LDH), a-hydroxybutyrate de-
hydrogenase (HBDH), and glutamic-oxaloacetic tran-
saminase (GOT) were used as the markers of myocar-
dial damage. The serum concentrations of these en-
zymeswere measured by Automatic Analyzer (MODEL
7060, HITACHI, Japan). The kitswere purchased from
Randox Laboratories LTD (United Kingdom).

Determination of antioxidant enzyme and lipid
superoxide level Superoxide dismutase (SOD) activ-
ity and malondialdehyde (MDA) content were used as
indices of oxygen free radical and lipid superoxide level.
They were measured using commercial kits (Jiancheng
Bioengineering Institute, Nanjing, China) with a spec-
trophotometer (UV-120-02, SHIMADZU, Japan).

Pathomorphological examination of myocar-
dium After collection of blood, small pieces of myo-
cardium at ischemic areas were collected and were cut
into fragments (diameter=1 mm). Then they were fixed
in 2.5 % glutaraldehyde, post-fixed with 2 % osmium
tetroxide, dehydrated with the graded series of ethanal,
passed through propyleneoxide, and then embedded in
PDAP. Ultra-thin sections were stained with uranyl
acetate and lead citrate, and examined with atransmis-
sion electron microscope (H-300, HITACHI, Japan) and
photographed .

Isolation of rat ventricular myocytes Ventricu-
lar myocytes were isolated from Sprague-Dawley rats
(235 g+15 g, n=15) by a collagenase enzymatic method
similar to that previously described. In brief, the heart
was suspended in a constant flow Langendorff system.
The heart was then perfused via the coronary artery
with some modified Tyrode’ s solution in the following
sequence: Ca*-free Tyrode' s solution (mmol/L, pH 7.4):
NaCl 135, KCl 5.4, MgCl,1.0, NaH,PO, 0.33, HEPESIO,
glucose 10 for 6 min; enzymatic solution (mmol/L, pH
7.4): collagenase P 0.12 g/L (Roche Diagnostics,
Boehringer Mannheim, Germany); taurine 20, CaCl,
0.075, NaCl 125, the other components the same as the
Tyrode’ s solution for nearly 20 min. All of the solu-
tions were saturated with 95 % O,and 5% CO, at 37°C
+0.5°C. Theretrograde perfusion pressure of Langen-
dorff apparatus was 70 cm H,0. Upon sufficient di-
gestion of the tissue, the ventricle was cut into small
pieces and gently agitated in the Kraft-Briihe (KB) solu-
tion (mmol/L, pH 7.2): KOH 85, L-glutamic acid 50,
KCl 30, taurine 20, MgCl, 1.0, KH,PO, 30, HEPES 10,
Glucose 10, egtazic acid 0.5. The solution was filtered,
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then the cellswere stored in KB solution at 4°C.

Electrophysiologic measurement Cell prepara-
tionswere perfused (2 mL/min) with modified Tyrode' s
solution containing (mmol/L, pH 7.4) CaCl, 1.8, tetra-
ethylammonium-Cl (TEA) 0.01, the other components
the same as the Tyrode’ s solution in achamber (1 mL)
on an inverted microscope (Olympus IX 71, Japan).
Only rod-shaped cellswith a clear margin and striation
were used. The tight-seal whole cell recording tech-
niques were used’?. The heated-polished electrode had
aresistance of 2-5 MW, when filled with the pipette
solution containing (mmol/L) KCI 150, MgCl, 1.0,
HEPES 5.0, egtazic acid 5.0, ATP-K, 3.0, 4-amino-py-
ridine (4-AP) 5.0 (pH 7.2). Transmembrane currents
were recorded with a patch-clamp amplifier (Axopatch
200B, Axon Instruments, USA). The current signal
was filtered at 2 Hz and viaa data acquisition system on
acomputer equipped with an AD converter (Digtal 1200,
Axon Instruments, USA) . The sampling and dataanaly-
siswere obtained using the pClamp 8.1 software (Axon
Instruments, USA).

Analysis of statistics Data were presented as
meantSD. The significance of group differences was
determined by the Student’ s ¢- test. The effects of F,
on currents were evaluated using the Student’ s paired
t-test.

RESULTS

Biochemical studies F, reduced the release of
CK, CK-MB, LDH, HBDH, and GOT from ischemic
and reperfused myocardium, preserved the activity of
SOD and decreased the MDA contents dose-depen-

dently (Tab 1).

Morphological studies The sham-operated rat
hearts showed normal ultrastructures (Fig 2A). Inthe
myocardium from the ischemic-reperfused hearts, ul-
trastructures were damaged. They consisted of intrac-
ellular edema, myofibrillar derangements and rupture,
swollen and damaged mitochondria, marginated and
concentrated nucleus (Fig 2B). Similar to the Ver group
(Fig 2C), F, obviously mollified these kinds of injuries
(Fig 2D, E, F).

Effects of F, on L-type calcium currents Volt-
age pulses were applied every 5 sat holding potential of
-40 mV, depolarizing potential of -40 mV to +60 mV,
with 10-mV increment. I, was elicited by depolariza-
tion from the depolarizing potential of -30 mV to +50
mV (Fig 3). When cells were exposed to Ver (1 umol/
L), the elicited current was almost completely blocked,
indicating the characteristic of calcium current!!
(Fig 4). F,1 pmol/L reduced I, by 73.9 % [from
(1775+360) pA to (464+129) pA] (n=8, P<0.01). After
washout of F,with modified Tyrode' s solution for 5
min, calcium currents partially recovered (Fig 5). In
addition, F, shifted the current-voltage curve of I,
upward, without affecting the voltage-dependent prop-
erties of I, (Fig 6).

“Rundown” phenomenon of L-type calcium
current It was possible that the so-called
“rundown” phenomenon of 7., occurred™. Thus, the
change in amplitude of /., with time using the same
experimental condition specimen was observed (n=8).
In the control group (“rundown” group), after 5, 10,
15, and 20 min, the peak current was reduced by

Tab 1. Effects of N-n-butyl haloperidol iodide (F,) on serum CK, CK-MB, LDH, HBDH, GOT concentrations, SOD activity,
and MDA contents in I/R hearts of rats. n=10. Mean+SD. *P>0.05,"P<0.05 , °P<0.01 vs I/R group; *P>0.05, ‘P<0.01 vs F, 1 mg/
kg group; ¢P>0.05, 'P<0.01 vs F, 2 mg/kg group; 'P>0.05, “P<0.05 vs verapamil (Ver) group.

Group CK/U-L* CK-MB/U-L* LDH/U-L? HBDH/U- L* GOT/U-L* SOD/kU-L* MDA/
mmol- L*
Sham 629+98° 900+95°¢ 228+25° 183+33° 97+16° 149+17¢ 3.9+0.61°¢
I/R 1825+310 2720+442 506471 364442 218+28 78+ 9 9.6+1.2
Ver 979+144° 1312+245° 309+83° 230+78° 181+36° 138+9° 5.4+0.7°¢
F, 1 mg/kg 1591+2022 2253+201° 4524470 332+26° 2144177 85167 8.9+0.9
F, 2mg/kg 1178+131% 1538+114% 378+56% 298+45% 186+21° 127+8% 6.2+0.5'
F, 4 mg/kg 946+1071 1116+140¢k 30531 228437 167421 1344719 5.0+0.81

CK: creatine kinase; CK-MB: creatine kinase isoenzyme MB; LDH: lactate dehydrogenase; HBDH: a-hydroxybutyrate dehydrogenase;
GOT: glutamic-oxal oacetic transaminase; SOD: superoxide dismutase; and M DA: maondialdehyde.
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Fig 2. Transmission electron microscopy of rat myocardium. x15000. A: Sham group. B: Ischemia/reperfusion group. C:
Ver group. D: F, 1 mg/kg group. E: F,2 mg/kg group. F: F,4 mg/kg group.
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Fig 3. L-type calcium current. Voltage pulses were applied
every 5 s at holding potential of -40 mV, depolarizing poten-
tial of -40 mV to +60 mV, with 10-mV increment. /., were
elicited by depolarization from the depolarizing potential
of -30 mV to +50 mV. The peak I, was elicited at the poten-
tial of 0 mV.
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Fig 4. Effect of verapamil on L-type calcium current. The
amplitude of peak I, was decreased by verapamil (1 pmol/
L).
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Fig 5. Effect of F,on L-type calcium current. The ampli-
tude of peak I, was decreased by F,. After washout of out
F,, I, partially recovered.

0.03 % (P>0.05 vs 0 min), 8.6 % (P>0.05 vs O min),
21.3 % (P<0.05 vs 0 min), and 38.3 % (P<0.01 vs
0 min).

DISCUSSION

Myocardial enzymes may be released from the
injuried myocytes induced by ischemia and (or)
reperfusion. So enzyme analysis has proved consider-
ably valuablein the diagnosis of myocardial infarction.
Meanwhile, myocardial enzymes such as GOT, LDH,
HBDH, CK and CK-MB were often used as the markers
of myocyte damage™®. According to the present study,
we found that F,similar to Ver™, apparently decreased
the serum concentrations of those enzymes. 1n addition,
pathomorphological studies showed modifications of
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Fig 6. Effect of F,on I-V relation of I, in ventricular
myocytes. The current-voltage curve of I, was shifted up-
ward with the voltage-dependent properties of /., not being
affected.

myocardial damage induced by I/R injury in animals
treated with F,. All of these suggested that F, exerted a
beneficial effect on ischemic and reperfused rat hearts.

Our previous research had shown that F, decreased
the intracellular calcium concentration. In order to elu-
cidateits cardioprotective and vasodilatory mechanisms,
the effect of F, on L-type calcium channel of ventricu-
lar myocytes was investigated.

It is well known that there are two types (L and
T) calcium channelsin cardiac myocytes®. Under the
condition of individual cell depolarization from holding
potential of -40 mV, the L-type calcium channel was
activated, while T-type Ca?* channel and Na" channel
were inactivated'®'”). Moreover, TEA, anon-specific-
ity K* channel blocker, was administered in the extra-
cellular solution. The pipette solution was also filled
with 4-AP (aK* channel blocker ). So the outward K*
currents were completely blocked. Furthermore, the
recorded current could be completely inhibited by Ver,
atypical L-type Ca?" channel antagonist. Therefore,
the inward current we recorded under these conditions
was L-type Ca?* current.

In this study, F, obviously suppressed the cardiac
L-type calcium current. I-V relationship of /., showed
that the peak I, was decreased by F, at all depolarizing
potentials. But the activated potential, peak amplitude
potential, and reversal potential of /., were not changed.
Thisindicated that the blocking effect of F, on calcium
channels was voltage-independent. The so-called “run-
down” phenomenon of /., was also observed. The re-
sults showed that the currents were stable within the
initial 10 min, with the administration of F, within the
first 3 min. Five minutes after washing out F,, /.,
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recovered, indicating that the L-type calcium channel
blocked by F, could be reactivated. These suggested
that the blocking effects of F, on I, were not the con-
sequence of the “rundown” phenomenon. Based on
the above, we could draw a conclusion that F,was a
calcium channel blocker. So it not only gave support
to the idea that F, decreased the intracellular calcium
concentration!”, but also explained its vasodilatory ef-
fect due to calcium channel blockers.

Aswe all know, calcium overload and oxygen free
radical have been postulated as the main underlying
mechanisms for myocardial I/R injury. Calcium an-
tagonists played a beneficial role on ischemic and
reperfused myocardium™. Since F, could block the
L-type calcium channel in myocytes, the intracellular
calcium concentration is reduced because of the de-
crease of calcium influx. Thus, F,, through attenuating
“calcium overload” , maintained the integrity of myo-
fibrillar membrane and mitochondria, restored ATPase
activity, and minimized ATP depletion. Besides, it in-
duced coronary artery vasodilation, decreased heart rate
and cardiac contractility, reduced myocardial oxygen
consumption and ATP utilization. Therefore, F, exerted
aprotective effect against I/R injury.

Our present study showed that F, strongly pre-
served the activity of SOD and decreased the produc-
tion of MDA, the lipid peroxidation metabolite. The
result indicated that the protective effect of F, on myo-
cardial I/R injury could be related to the antioxidation.
However, we could not confirm F, as a direct oxygen
radical scavenger or whether it influenced oxidation by
acting as a calcium antagonist. It needs to be further
investigated.

Based on the results of our present studies, we
can conclude that F, exert asignificant cardioprotective
effect against I/R injury and block the L-type calcium
channel. Our past research showed its effects of va-
sodilation and anti-myocardial ischemia. Moreover, with
astructure different to the current cardiovascul ar agents,
such as vasodilators, calcium channel blockers, potas-
sium channel openers, it isworthwhile to further study
other effects of F,. For these reasons, we have ob-
tained the Chinese national invention patent (No
Z1.96119098.1). We hope to develop it to be a hovel
drug to treat ischemic heart disease. However, other
pharmacodynamics, pharmacokinetics, and toxicology
of F,need to be further studied.

ACKNOWLEDGEMENTS We wish to express our

gratitude to Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences for the verification of
the molecular structure of F,.

REFERENCES

1 Shi GG, Ma XX, Chen JX, Zhou MS, Xu SF. Effect of
hal operidol on the strips of porcine coronary artery. Chin
Pharm J1996; 31: 142-4.

2 Shi GG, Xu SF. Effect of phencyclidine on coronary artery
flowsin theisolated heart of the guineapig. ActaAcad Med
Shanghai 1994; 21: 93-6.

3 Shi GG, Xu SF. Study on heart injury induced by phencyc-
lidineinrats. ActaAcad Med Shanghai 1994; 21: 217-19.

4 Shi GG, Zheng JH, Chen SG. Analysisof 5 case of treating
unstable angina patients with haloperidol. J Shantou Univ
Med Coll 1997; 32: 33-4.

5 Shi GG, Zheng JH, Li CC, Chen JX, Zhuang XX, Chen SG,
et al. The effect of quaternary ammonium salt derivation of
haloperidol on coronary artery. Chin Pharm J1998; 9: 529-31.

6 We RS, Shi GG. On mechanism of quaternary ammonium
salt derivative (F,) of haloperidol on porcine coronary arte-
rial strips. Chin New Drugs J 2000; 9: 761-63.

7 We RS, Shi GG, Zhang YN. Effect of quaternary ammonium
saltderivative (F,) of haloperidol oncalciumin vascular smooth
musclecells. Chin Pharmacol Bull 2001; 17: 54-6.

8 Wu DM, van Zwieten PA, Doods HN. Effectsof calcitonin
gene-related peptide and BIBN4096BS on myocardial is-
chemiain anesthetized rats. Acta Pharmacol Sin 2001; 22:
588-94.

9 LiQ,YinJX, HeRR. Effect of agmatine on L-type calcium
current in rat ventricular myocytes. ActaPharmacol Sin 2002;
23:219-24.

10 DingHL, Zeng YM, Li XD, Jiang WP, Duan SM. Effects of
ropivacaine on sodium, calcium, and potassium currentsin
guinea pig ventricular myocytes. Acta Pharmacol Sin 2002;
23: 50-4.

11 LeeKS, Tsien RW. Mechanism of calcium channel blockade
by verapamil, D600, diltiazem and nitrendipine in single
dialysed heart cells. Nature 1983; 302:790-94.

12 Zhang YJ, Li DP, Xue BJ, Wang YL, He RR. Effect of
dipfluzine on L-type calcium current in guinea pig ventricu-
lar myocytes. ActaPharmacol Sin 2001; 22: 701-5.

13 Jiang ZS, Xia CF, Tian QP, Fu MG, Wang XH, Pang YZ,
et al. Effect of batroxobin against dog heart ischemia/
reperfusion injury. ActaPharmacol Sin 2000; 21: 70-4.

14 Wang XW, Zhang JL, Zhou CM, Wang XF, Liu WJ, Zhang
KJ. Anti-lipid peroxidation and protective effects of pheny-
toin sodium on ischemic myocardium of mice. ActaPharmacol
Sin 1992; 13: 531-4.

15 MitraR, Morad M. Two typesof calcium channelsin guinea
pig ventricular myocytes. Proc Natl Acad Sci USA 1986; 83:
5340-4.

16 Wei Y, Shi NC, Zhong CS, Zheng P, Liang ZJ. Inhibitory
effects of vinpocetine on sodium current in rat cardio-
myocytes. ActaPharmacol Sin 1997; 18: 411-5.

17 Yao WX, Jiang MX. Effects of tetrandrine on cardiovascular



Huang ZQ et al / Acta Pharmacol Sin 2003 Aug; 24 (8): 757-763 - 763-

electrophysiologic properties. ActaPharmacol Sin 2002; 23: quiescence, and cardioplegia on calcium exchange and me-
1069-74. chanical function in ischemic rabbit myocardium. Circ Res
18 Bourdillo PD, Poole-Wilson PA. The effects of verapamil, 1982; 50: 360-8.



